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The concept of stoichiometrically unique reactions (response reactions, RERS) is extended to the group additivity
(GA) methods. Namely, it is shown that the main assumption of the GA methods according to which chemical

species may be “constructed” from a specified number and type of structural units, or groups, may be formally
appended to the conventional RER formalism. As a result, one can define and generate a stoichiometrically
unique class of GA RERs. Several properties and applications of the newly defined GA RERs are pointed
out. In particular, it is proved that the stoichiometry and thermodynamic functions of the GA RERs are

interrelated in a simple manner with the error of the GA methods. This finding is used to reformulate the GA

methods alternatively (and equivalently), in terms of GA RERs.

1. Introduction the GA methods have been successfully applied to estimate the
energetics of free radicals, inorganic and organometallic com-
pounds!! and aqueous specié’.
Although both the physicochemical and computational aspects
diminishing. The use of GA methods was shown to be a qf the GA_methods have been _exhaustl\_/ely discussed in the
. . . - . . literature, it seems that the stoichiometric aspect of the GA
valuable, effective, and inexpensive technique for the estimation o o
) . : ; methods has been overlooked. Here, the term “stoichiometric
of thermodynamic properties of pure species, even in the era, : . .
N is used in the following context. As was recognized by Berfson,
of supercomputers. Moreover, the basic ideas of the GA methods - . L
. . . there exists a hierarchy of additivity schemes. Several levels of
are extensively used to convert the total energies obtained from o - AR - i
L X ) . . approximation exist within this hierarchy. The first level is the
ab initio calculations to conventional thermodynamic functions. o L
. . . atom additivity, followed by the second level (bond additivity),
It is well-known that the main assumption of the GA methods - o ) .
. . . . .~ _the third level (group additivity), etc. Clearly, the first level is
is that the thermodynamic properties of the chemical species

i : I~ . . absolutely valid for molecular masses. In fact, the atom
may be partitioned into a sum of contributions associated with o - 8
- - additivity is the mathematical expression of the mass balance
a small number of structural units. The thermodynamic proper-

. . . in the system. As follows from chemical stoichiometry, an
ties of the structural units are further assumed to be independent X . .
alternative (and equivalent) way to express the mass balance in

of the nature of the species and may be determined using a - S S . )
representative database of species with known thermodynamica chemical system is via a set of stoichiometrically independent
properties. It is often assumed that the GA methods are powerfulreacuons'. The main characteristic of these reactions IS _the
but limited in scope, in regard to estimation of gas-phase conservation of the number and type of atoms. Generalizing

. ) . this simple observation, one can alternatively express the GA
enthalpies of formation of organic compounds, and, perchance, . SR e .
Lo, . - of chemical species in terms of a set of stoichiometrically
estimation of gas-phase entropies and heat capacities. This . . e
S ) . " . independent reactions that, in addition to mass, also preserves
assumption is not true: their ability and capability are greater

yet. Without meaning to be exhaustive, we mention just a few the type and number of bonds, groups, etc. Assuming that the

representative applications from various areas. Thus, GA hasGA is absolutely valid (such as mass balance, for instance)

. : - would result in chemical reactions that have a remarkable
been used for decades by the engineering community for the roperty. Namelv. a property change of these reactions should
estimation of Lennard-Jones parameters, critical constant esti-PrOPETY. Y. @ property g

. . i be equal to zero. For instance, if the property of the species is
mations, boiling points, ettlt has even been used for octane . . .
8 : L the enthalpy of formation, then a reaction that precisely preserves
ratings® Some comprehensive applications to the condensed-

phase thermochemistry of organic molecules include estimationsthe type and number of groups would be thermoneutral; i.e., it

. . o . _~has an enthalpy change equal to zero.
of enthalpies of formation, heat capacities, absolute entropies We h v add d th bl £ usi ial
and entropies of formation, and phase change entropies and e have recently addressed the problem of using specia

enthalpies: we refer the reader to the extensive studies Ofclasses of stoichiometrically unique chemical reactions, called

Chickos, Domalski, and their respective colleagti¥zinally, response reactions (RER‘S’_)I.O. convert accurately the total
energies obtained from ab initio calculations into enthalpies of

T Dedicated to Prof. Benson on the occasion of his 85th birthday. formation of the speC|e§‘.The purpose of the present work is

* To whom correspondence should be addressed. Author can be contacted® €xtend the RERs approach to the GA methods. More
via E-mail (ifishtik@wpi.edu). specifically, we show that the group-preserving conditions may

Although much more sophisticated and exact ab initio
method$ are becoming increasingly available, the importance
of the classical group additivity (GA) methddg is not
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be easily i_nco:_porated int? the I;ERS form?Iism. As_aI relsult, f AHSeqA ) O G912 ... Opp AH3640,)
one can visualize, generate, and enumerate a special class o ° °
stoichiometrically unique GA reactions, e.g., GA RERs. Because AHzodA2) | _ 921 Gz . Grp | AiHZ0(Go)
of their stoichiometric uniqueness, we further show that the GA
methods may be reformulated in terms of RERSs. In particular,
the properties of the species may be evaluated without explicitly
determining the values of the group contributions.

AiHZ0e(Ar) 91 G2 .. Gnp||ArHZe6(9p)

The formula and group matrices may be further combined
into one formula-group matrix:

2. Notation and Definitions B B Bre G911 Gu g,
en S e P

We consider a general multiple chemical reaction system _|Ba1 Baz .. Bas Y21 Gop ... Onp

comprising a set afi species A, Ay, ..., An. Each of the species r L L (4)

in this system is characterized by a certammpositionand Bos Bz .. Bos G Go ... Onp

structure Here, the term “composition” means a specified

numbers of elements B B, ..., B e.g., any set of stoichio- The formula-group matrix is a quantitative characteristic of
metrically appropriate atomic, molecular, or ionic entities that oy the composition and the structure of a chemical system.
may be used to “construct” the species A Normally, the columns in this matrix are linearly dependent;

that is, rankl" = q < s+ p. For our purposes, however, we
° need to consider only an arbitrarily chosen subset of linearly
A= ZﬁliBl 1) independent columns from the formula-group matrix. We choose
= them by performing a column reduction operation on the

. . formula-bond matrix, such that
Here Sy (i=1,2,...,n;1 =1, 2, ...,9) is the number of elements
[ i ]

B in species A The matrixg, By; O Ty,
> By i Gok o,
Bi1 Biz ... Bis Zajh + Zbkh = (h=1,2,..,0 5)
2 &
B= Bar Baz ... Pas ) ﬁ”ju Onk Irnh
T . ] ]
ﬁnl ﬁnZ ﬁns s ﬁlj D Ok 0
' By I o 9| _ |0
is normally called the formula matri%. For simplicity, we ;a’h k; ki .
assume that the rank of the formula matrix is equal to the ﬁnjl .g“k 0

number of elements, i.e., rankf = s. 'h= q+1,9+2,..,s+p) (6)
The term “structure” of the species means a specified type

(G=1,2,..p) and numbeg; (i =1, 2,...,n;j =1, 2, ...,p) whereay, andby, are constants. Thus, we can defineeduced

of groups in a chemical species & =1, 2, ...,n). Here, the formula-bond matrix,

term “group” is used in exactly the same sense as in the

conventional GA methods; that is, “a polyvalent atom (ligancy Iy Ty ol Ty

> 2) in a molecule together with all of its ligand$Thus, we T Ty o Ty
can define the matrig’, which may be called the group matrix. r= o (7)
1—‘nl I_‘n2 1—‘nq
911 912 ... Gp
v 91 922 ... Gop in which the columns are linearly independent and, conse-
9= quently, rankl = q.
O G2 - Gnp Consider further a general chemical reaction
r=v,B,+v,B,+..+vB,=0 (8

For simplicity, in this work, we consider only one property,
namely, the ideal gas-phase standard enthalpy of formation
of the species A(i = 1, 2, ...,n), conventionally denoted by
AiH5o4(Ai). If AfH3e4(g;) is the group value of; (j = 1, 2, ...,

p), then we have

wherev; (i = 1, 2, ..., n) are the stoichiometric coefficients
assumed as usual to take positive values for products and
negative for reactants. Obviously, every chemical reaction
satisfies the mass-balance conditions

AiHZedA1) = 91:AHZ64(91) + vfut vyt .. tvB,=0
912AH206(02) + - + 91,AHZ06(0p) VBip+ Vofygt e+ v By =0
N

AHZ9g(A,) = 921AHZ04(9,) +

HSogd) + ... + G AHS :
U22AH306(9) OpAtHZ04(9p) VB Vot ot v B =0 )

o _ o It is well-known!® that, in the absence of any other additional
ArHzosAn) = GuArHzod Q) + stoichiometric constraints, the number of linearly independent
On2AtHZ06(92) + -+ 9y AHZed9,) (3) reactionsmis equal tom=n — rankff = n — s.
A reaction that concomitantly satisfies the group-preserving
or, in a more concise matrix form, conditions
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V1O t Voo o+ ¥ 8y =0 AH(g) = AH(AiliAiz’""Aiq’Aiqﬂ)
V1012 T Voo T o ViGno N 0 Lia T T AHdA)
. Fiz,l I1i2,2 riz,q AfH;98(Ai2)
ViQ1p + Voop T oo T V00 = 0 (20) =.. e (13)
riq,l Iﬂiq,z riq,q Anggs(Aiq)
is called a GA reaction. Given eqs 5 and 6, a GA reaction may rr .. , T, AHSoA,
be alternatively defined as one that satisfies the condition ot lare® e aid ot
v Ly + Ly 4 .+ v, =0 zFle Group Add|t|V|Fy, in Terms of Group Additivity
esponse Reactions
vl v+ .+ ,=0 ) N )
. We are now in a position to formulate the following property
: of GA RERs: provided the GA is strictlyvalid, the enthalpy
vl + vl + o+ 1, [, =0 (11) changes of GA RERs are equal to zdre,,
We mention also that the number of linearly independent GA AH(9) = AH(Ail’Aiz""Aq’A‘qﬂ =0 (14)

reactions is equal tom= n — rankI’ = n — g. A set of linearly
independent GA reactions may be derived by solving eq 11, The proof of this statement is given in the Appendix.

using any appropriate linear algebra procedure and numerical Thijs property of the GA RERs may be used to reformulate

analysis. the GA methods in terms of GA RERs. The reasoning is as
follows. Consider the evaluation of the standard enthalpy of
3. GA RERs formation of a given species, say,Aassuming that the stand-

The RERs formalism discussed in detail in our previous ard enthalpy of formation of the remaining species As, ...,

publications may be easily generalized. Thus, by analogy with An is known. First, we enumerate a complete set of GA

conventionaf and isodesmid RERSs, we can define a new type RERS involving species A Because the number of species
of RER. involved in a GA RER does not exceefl+ 1 species, to

enumerate a complete set of GA RERs involving species
A, we need to specify onlyg species from the remaining

n — 1. If theseq species are A A, ..., A, (2 <ip < iz < ...

< iq < n), then, according to the above-described develop-
ment, the general equation of a GA RER involving specigs A

Definition: A reaction that is additionally subject to group-
presering conditions and inolves no more than (rank + 1)
= q + 1 species is called a GA RER

Let Ail.Aiz,---,Aiq,Aiq+1 l=<ip<ip<..< iq < iq+1 < n)be
theq + 1 species involved in a GA RER. Such a RER is de-

noted by g(Air,Aiz..... AqAiq:1), and its general equation is 'S 91Ven by
given as
Iy Ty qu A,
Flll 1—‘i1,2 Iﬂll,q i ril'l Fil’z r'lvq Ail
FIZI 1—‘i2,2 Iﬂlz,q iy g(Al'Ail’AiZ"'-rAq) = Iﬂ'z'l Iﬂizx2 F'zq Aiz =0 (15)
g(Ail,Aiz,...Aﬁ ,Ais+ +1) =].. e e e
o i1 Fiq,2 Fiq’q Biq riq,l Iﬂiq,z . riq,q A|q
i1 iz .. L q Pi
qt1 qt1 qt1 q+l - -
Thus, the total number of GA RERs involving Boes not
=0 (12) exceed
A complete set of GA RERs may be generated by considering _ (n—1)!

all the possible choices af + 1 species from a total af.
In other words, the total numbeX of GA RERs does not
exceed

“gi(n—qg-— 1)

Now, assuming that the GA method is exact (that is, the
enthalpy change of every GA RER is equal to zero), the standard
enthalpy of formation of species;Anay be evaluated by solving
the following equation forA{H35q5(A1)calc

N = n!
q+D!(n—q—1)!

It is to be noted that not necessarily all the GA RERs are r. 1 I AHS (A
stoichiometrically distinct. That is, some of the stoichiometric 1 ~12 .- "1 598( Dealc
coefficients in a GA RER (or, even all) may be equal to zero, ril,l Iﬂil,z Fil,q AfHZQS(Ail)exp
thus_ resulting in stoichiometrically equn/_ale_nt |so_st0|ch|9- | TR PR rizyq Ang%(Ai2 exp| =0 (16)
metric RERs. Even so, the number of stoichiometrically dis-
tinct GA RERs exceeds the number of linearly independent o
ones. riq,l riq,Z Iﬂiq,q AfHZEJS(Aiq)exp

The enthalpy changes of the GA RERs denoted d&g) =
AH(AiLAi,.....A A, are interrelated with the standard en- In reality, the enthalpy change for every GA RER is not strictly
thalpies of formatiom\sH3,4Ai) of the species via equal to zero, because the GA methods are approximate:
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Ly Tyl Tig AHYGHA D e ematical® this matrix may be readily transformed to
ril,l 1—‘i1,2 ril,q AfH§98(Ai1)eXp I 1 000000O Al
AH(@) = [Ti,1 Tiz .. Tiyq AHzedAexo| =0 (17) 0 100000 dA;
T, I = 0O 010000(QA;
LaTio .. Tig AfHSQB(Aiq)exp 1-220000(dA,
-1 110000dA;
Comparing eqs 16 and 17, we find that 0-120000 gAg
|

o o — 1 It i h ' = 3; h iat d d
AH A — AH A = AH 18 IS seen that ran , hence, an appropriate reduce
f 298( 1)exp f 298( 1)ca|c 5(9) (g) ( ) formula-bond matrix is

where d(g) is the stoichiometric coefficient of species ' 1 0 oI A
the GA RERg(Al,Ail,Aiz,...,Aq) and is given by o 10|A
2
A
Iy Ty o Tyg 1 Ir= 0 01 A3
I, . Tiqo 12217
il “i2 . T
-1 1 1|A;
o) =|Ti,1 Ti,2 .. Ii,q 0 0 -1 2| A,
| I
Fiqvl Fiq,z Fiq’q 0 Now, by definition, a GA RER involves no more than four

species ((rankl') + 1 = 3 + 1 = 4) in this example;
As can be seen from eq 18, the enthalpy change of a GA RERconsequently, the total number of GA RERs will not exceed
(AH(g)) is nothing but a measure of the error of the GA (6Y2!)/4! = 15. For instance, the specieg, A4, As, and As
methods. define the following GA RER:

Solving eq 16 for every GA RER and taking the average
results in the final value of the standard enthalpy of formation 1 00A
ArH3efAr)calc Of species A Notice that, within the GARER g a A A A = 1-22A,
approach, there is no need to introduce the GA values. prats -1 11A;

0 -1 2 A

5. Examples
=—-A,+3A,+2A; —4A,=0

The above-described theoretical considerations are next
illustrated with the help of two examples. It should be noticed 114 enthalpy change of this GA RER is equal to
that it is not our intention to compare the numerical output of
the GA RER approach with the conventional GA methods. A 1 0 0 AH3(A)
thorough comparison of these approaches will be presented 1 —2 2 AHZHA,)
elsewhere. Rather, the examples are mainly intended to illustrateAH(g) = AH(A,A, A5 Ag) = “1 11 AHAY
the technique of the GA RER approach. 29

5.1. Example 1.Consider the following hydrocarbons: 1A 0 —1 2 AH3eAg)
2-methylpropane+32.07 kcal/mol); A, 2-methylbutane{36.74 AR o o _
kcal/mol); As, 2-methylpentane—{41.78 kcal/mol); A, 3-me- AHzogA) + SAHZQB(A;“) + 2AHz66As)
thylpentane £41.13 kcal/mol); 4, 2-methylhexane{46.51 4AH3Zeg(Ag) = —1.46 kcal/mol

kcal/mol); and A, 3-methylhexane {45.72 kcal/mol). The . . .
values given in parentheses are the experimental standardt iS Seen that, although the enthalpy change of this GA RER is

enthalpies of formation of the respective hydrocarbons, without duite small, it is not, however, equal to zero, reflecting, thus,
considering only the most stable conformefor illustration the simple fact that the GA is approximate. To estimate the
purposes, we consider here the Benson’s group classification, Standard enthalpy changes of a certain species, sayrén
according to which saturated hydrocarbons are assumed toh® above-described GA RER, we assume that the enthalpy
contain primary ¢), secondarydy), tertiary @), and quaternary change of this C_%A RER is precisely equal to zero and solve the
(g) C atoms. Benson’s classification also postulates two following equation forx = AHzeg(A4)calc

additional types of nonbonded atom interactions, namehg 1 1 0 0 AHSA)

(gs) and -5 (ge) interactions. Thus, the formula-group matrix 29

for this system is 1-22x -0
—1 1 1 AH3¢{Ay)
C H g g 8 8 8 &8s 0 -—-12 AHE%(AG)
(4 10 3 0 1 0 0 0]A, _ _ o
s 123 1 1 0 0 ola The solution of this equation i = AH3qg(A4)cac = —40.64
2 kcal/mol. This value should be compared with the experimental
p_|0 4 3 2 1 0 1 0]A, value, AH3gg(As)exp = —41.13 kcal/mol. Alternatively, we can
16 14 3 2 1 0 2 0 A, use eq 18 to determine the difference between the experimental
7 16 3 3 1 0 1 OA, a_nd ca!culated values of the standard enthalpy of formation
directly:
7 16 3 3 1 0 2 O0JA
) o R _ l46_
Using the RowReducE[]//MatrixForm command inMath- AHzod Addexp — AHzod Addcarc = 3 049 keal/mol
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TABLE 1: Complete Set of GA RERs, Enthalpy Changes, and Estimated Errors in the Enthalpy of Formation of the Species
Considered in Example 1

AfH;QE&(Ai)EXP - AfH;gg(Ai)calc

GA RERs AHJ-° B. B, Bs B4 Bs Be

1.-B1+2B,—2B3+B4s=0 —1.02 1.02 —0.51 0.51 —1.02

2.Bi—B,—B3+Bs=0 —0.06 —0.06 0.06 0.06 —0.06

3.3B1— 4B, — B;s+2Bs=0 —1.14 —0.38 0.29 1.14 —0.57

4.Bi—B,—Bs+Bg=0 0.08 0.08 —0.08 —0.08 0.08

5 —-2B;+3B,—2Bs+Bs=0 1.22 —0.61 0.41 —0.61 1.22

6.B1—4B3+ B4+ 2Bs=0 0.90 0.90 —0.23 0.90 0.45

7.B1—2B3— B4+ 2Bs=0 1.18 1.18 —0.59 1.04 0.59

8.—B;+3B3—Bs—Bg=0 —1.04 1.04 —0.35 1.04 1.04

9.—B;1+3Bs+2Bs — 4Bs =0 —1.46 1.46 —0.49 —0.73 0.37
10.B,—3B3+B4s+Bs=0 0.96 0.96 —-0.32 0.95 0.96
11.B,—2B3+Bsg=0 1.10 1.10 —0.55 1.10
12.—B,+ 2Bs+ 2Bs — 3Bs =0 —1.38 1.38 —0.69 —0.69 0.46
13.—B3+Bs+Bs—Bg=0 —-0.14 0.14 —0.14 —-0.14 0.14

av 0.51 0.45 -0.17 0.15 —0.04 0.62

For a given species, this procedure should be done over aBy definition, a GA RER involves no more than four species

complete set of GA RERs. The results of such an analysis for ((rankI") + 1 = 3 + 1 = 4) in this example. Consequently,

all six species are summarized in Table 1. Notice that, from a the number of GA RERs does not exceed the number of ways

total of 15 possible GA RERs, only 13 are stoichiometrically four species may be selected from a total of five, i.e., (5/4!)/1!

distinct. = 5. For instance, the first four species define the following
5.2. Example 2.As a second example, consider the class of GA RER:

chlorinated methanes: GH—17.8 kcal/mol), CHCI (—20.0

kcal/mol), CHCI, (—22.8 kcal/mol), CHG (—24.6 kcal/mol), 1 0 0CH,

and CC} (—22.9 kcal/mol), where the values given in paren- 0 1 0 CHCI

theses represent the experimental standard enthalpies of formagd(CH,;,CH;CI,CH,Cl,,CHCl;) = 0 0 1 CHCI

tion of the respective species. For illustration purposes, we 1 .33 CHZCI 2
consider here two different classifications of the groups that 3

are referenced further as the first and second approximations = —CH, — 3CH,CI, +

and are similar to those proposed by Bozzelli and co-workers. 3CH,Cl + CHCL, =0

First ApproximationFirst, consider the following three types
of contributions to the enthalpyg, = H—C—H, g, = H-C—
Cl, andgs = CI—-C—CI. Alternatively, this classification may
be treated as pair interaction among H and Cl atogisH...H;

The enthalpy change of this GA RER is

02, H...Cl; andgs, Cl...CI. The following formula-group matrix AH(g) = AH(CH,,CH,CI,CH,CI,,CHCL,)
may be readily generated on the basis of this classification: 1 00 -178
|0 1 0 —20.0f _
C H Cl g g, g =10 01 -2287 1.6 kcal/mol
1 4 0 6 0 0| CH, 1 -3 3 -247
O Rl his enthalpy ch directly related to th f th
, This enthalpy change is directly related to the error of the
I'=
bzo2 1 4 1CHC, GA methods in the estimation of the enthalpy change of the
1 1 3 0 3 3|CHCL species. Thus, according to eq 18, the GA Rf&H,, CHsCI,
1 0 4 0 0 6| CC, CH.Cl,, CHCL) values predict the following errors in the

enthalpies of formation of the species involved in this
Using Mathematica with the RowReduEg[/MatrixForm com- GA RER:
mand, we obtain

R R _ 16
1 0000 CH, AfH298(CH4)exp_AH298(CH4)(:.51I<:_ 1
0 1000 (CHCI = —1.6 kcal/mol
I'=(0 010 0 QCHCI 1.6
1 -3 30 0 0f CHCl AH39e( CHCl)exp = AtHZ06( CH3Cl)care = =5~
3 -86 0 0 0 CCl, = 0.5 kcal/mol
Thus, rankl" = 3 and iate reduced f la- o o __16
maL:ﬁx rizn and an appropriate reduced formula-group AH36dCHC) oo — A3 CHCl) e = — 5
= —0.5 kcal/mol
1 0 0|CH, 16
0 10 CHSCI AfHZQS(CHC|3)exp_AfHSQS(CHCb)caIc:_'
r=(o o0 1|CHLCI, _
1 -3 3| CHCL, 1.6 kcal/mol
3 -8 6| CCl, A complete list of GA RERs, along with the average errors in
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TABLE 2: Complete Set of GA RERs, Enthalpy Changes, and Estimated Errors in the Enthalpy of Formation of the Species

Considered in Example 2

Ang% B Anggs(Ai)calc

GA RER AH? CH, CHsCl CHCl, CHCls CCly
first approximation

1. —CHs — 3CH,Cl, + CHCIl; + 3CH;Cl = 0 1.6 -1.6 0.5 -0.5 1.6
2.—3CH; — 6CH,CI, + CCl, + 8CH,Cl = 0 7.3 —2.4 0.9 -1.2 7.3
3.—CHs — 2CHCk + CCls + 2CH;Cl = 0 4.1 —4.1 2.1 —-2.1 4.1
4. —CH; — 8CHCk + 3CCl, + 6CH,Cl, =0 9.1 -9.1 15 -1.1 3.0
5. —CHsCl — 3CHCk + CCly + 3CH,Cl, = 0 25 —-2.5 0.8 -0.8 25
av —4.3 0.25 0.15 —0.6 4.2

second approximation

—CH,4 — CCly — 6CH,Cl, + 4CHCl + 4CHCL =0 —0.9 0.9 0.25 0.15 —0.25 0.9

the estimation of the enthalpies of formation of species, is this classification, there is only one GA RER that is given by

presented in Table 2. It is seen that the adopted classification

of groups works well for the intermediate chlorinated methanes g(CH,,CH,CI,CH,Cl,,CHCL,CCl,)

but is poor for CH and CC}.
Second ApproximationThe accuracy of GA methods may

be increased upon acceptance of a more detailed classifica-

tion of the groups. Thus, we may replace the pair interaction of
atoms by a tri-atom interaction. As chronicled by Cox and
Pilchef® in their now-classic volume on thermochemistry, tri-
atom additivity methods are decades old, commencing with early
work by Zahn nearly 70 years atjoand evolving through
numerous extensions and amplifications. Although tri-atom
additivity is generally of higher accuracy than group addi-

10 00CH,
01 0 0CHLCI
=| 00 0 0CH.CI,
00 0 1CHCIl

-1 4 —6 4 CCl,

CH, + CCl, + 6CH,C, —
4CH,Cl — 4CHCL =0

tivity, it is considerably more complicated and the desired 'N€ enthalpy change of this GA RER is

input parameters and data are often absent. This classification

results in four contributions to the enthalpyga, CHs; gs, CH,-
Cl; gs, CHCL; andgy, CCl. The formula-group matrix in this
case is

C H Ca g, & & &

1 4 0 4 0 0 O0f CH,

1 3 1 1 3 0 O0fCH,CI
I'=|l1 2 2 0 2 2 O0|CH(Q,

1 1 3 0 0 3 1|CHC,

1 0 4 0 0 0 4| cCq,

After reduction, the formula-group matrix takes the form

10 0000 (CH,
01 0000 dCHCI
I'=| 00 0000 dCH.CL
00 0100 dCHCL
-14 -6 400 0CClL

Hence, rankl" = 4 and the reduced formula-group ma-
trix is

10 0 0|]CH
01 0 0]CHLCI
Ir= 00 00 CHzclz
0 0 0 1] CHCI

-1 4 —6 4] CCl,

AH(g) = AH(CH,,CH,CI,CH,CI,,CHCL,,CCl,)

01 00-20.0

=| 00 0 0-—22.8|=0.9kcal/mol
00 01-246
-1 4 -6 4 —229

As can be seen, the enthalpy change of this GA RER is smaller
than the enthalpy changes of the GA RERs obtained within the
first approximation. This result means that the second ap-
proximation results in a more accurate estimation of the enthalpy
of formation of the species. In particular, the errors are as
follows:

AfHEQB(CH4)exp — AH30(CHY) calc = 9.9
= 0.9 kcal/mol
R o _ 0.9
AfHZQB(CHSCI)exp - AfH298(C|'|3C|)calc_ - T
= 0.25 kcal/mol
AfHSQB(CHZCIZ)exp - AfHZQB(CHZCIZ)caIc = %9
= 0.15 kcal/mol
o o _ 09
AfHZQS(CHC|3)exp - AfH298(CHCI3)caIC_ - T
= —0.25 kcal/mol
o o _ 09
AfH298(CC|4)e><p - AfHZQB(CCIA)caIc_ T
= 0.9 kcal/mol

Because a GA RER involves no more than five species ((rank Notice again that the GA methods work better for the intermedi-

I") + 1 =4+ 1=15) in this example, we conclude that, under

ate chlorinated methanes.
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6. Discussion and Concluding Remarks Another important problem in this respect is the propagation
) or cancellation of errors in the estimation of the enthalpy of
From the above-described development, it follows that the fqrmation of a given species (sapHSgg(A1)car) When the
conventional formalism provided by the theory of RERs can enthalpy of formation of another species (SAyHSe(A2)exy) iS
be naturally extended to include additional constraints. Thus, in error. Within the GA RERSs, the effect of an error in
one can define and generate a stoichiometrically unique andAHs (As)ex, ON the estimated value OAH3HA)ca iS
finite set of RERs that additionally preserve the number and explicitly given by eqs 17 and 18. An inspection of these
types of groups. This new type of RER, referenced here as theequations reveals that an error Hog(A2)expwill affect
GA RER, provides a deeper insight into the conventional GA AiHS(A)cac only through those GA RERs that involve the
methods. In particular, assuming that the main assumptions ofspecies A and A, concomitantly. Again, the sign and absolute
the GA methods are exactly valid should result in GA RERS value of the error are determined exclusively by the stoichi-
that have the remarkable property of being thermoneutral. This ometry of the GA RERSs. In particu|ar, as can be seen from egs
observation allows an alternative formulation of the GA 17 and 18, the absolute value of the error is minimized by low
methods, in terms of GA RERs. Namely, it has been proved values of the stoichiometric coefficients of speciesaAd large
that the changes in the thermodynamic functions of the GA values of the stoichiometric coefficients of.A
RERs are related in a simple manner to the error of the GA  Finally, a few words about the practical implementation of
methods. As a result, the error of the GA methods, as well as the GA RERs formalism into computer software. Technically,
the thermodynamic properties of the species, may be easilythe GA RER formalism is easy to implement, because the
evaluated without any knowledge of the GA increments. The algorithm is formulated in terms of simple linear algebra.
GA RER approach also reveals the existence of a strong Clearly, the success of the method crucially depends on the
interrelation between the stoichiometry of the system and the selection of groups and reference species. Another important
accuracy of the GA methods. Thus, it appears that the higheraspect of the problem is the number of reference species. The
the stoichiometric coefficient of a species in a GA RER, the point is that an excessively large number of reference spe-
higher the accuracy of the GA predictions for that particular cies may result in a combinatorial explosion in the number of
species. The immediate consequence of this finding is that, onGA RERs. It is, therefore, necessary to find a compromise
the basis of a purely stoichiometric analysis, one might predict between the number of reference species, the accuracy of the
the species whose thermodynamic properties may be evaluategstimations, and the computational time. Work along this line
with the highest accuracy. is in progress.

Appendix

Proof of Eq 14. Substituting egs 3 and 5 into the first and last columns in eq 13, respectively, gives

p

s p
Zajlﬁil,j + Zbklgil’k T2 o Tig 9, AtH3049))
= =

r=

p

s p
Zajlﬂiz,j + Zbklgiz,k T2 o Tig 9, AH306(9)
1= k=

r=

AH(g) = | ... e

p

s P
b+ bklgi K riqu riq’q 9, AH209,)
& q & q q

r=

s p p
Zajlﬂiqﬂ,j + Zbklgiqﬂ,k F‘q+1~2 F‘q+1~q Zgiqﬂ,rAfH;QS(gr)
= = &

s p p p
Zajlﬂil,j T2 . Tig 0i,F AH30(9)) DG« L2 .. Tig Gi, " AtH306())
=

= = =

s p p p
Zajlﬁiz,j T2 o Tig 9, AtH3049)) Zbklgiz,k L2 .. Tig 9, AtH349))
S =

r= r=

s p p p
Zajlﬂiq,j F‘q'Z riq'q giq,rAfHZQB(gr) Zbklgiq,k F'qx e Tga giq,rAngga(gr)
= k=
p

o
—

r= r=

s p p
Zajlﬁiqﬂ,j Fiqﬂ'z riqﬂ'q Zgiqﬂ,rAngQS(gr) zlbklgiqﬂ,k Fiqﬂvz Fiqﬂ’q Zgiqﬂ,rAfHSQB(gr)
= r= k= =
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The second determinant may be presented as

p
Zbklgil,k L2
k=

p
B, «
p
bklgiq,k i
=
p
Zbklgiqﬂk i
k=

It is seen that because

and

Oi,k

9i,k

9,k
we have

L2
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p
. ril'q gil,rAfHZQB(gr)
&
o 9i,k
: ri2vq giz,rAszgs(gr) g
= i,k
pp
...... = Z D AHSG)] -
k=1r=
P 9k
- Tiga 9, ArH20491) !
"~ ik
p
iq+2.0 Zgiqﬂ,rAfH;QS(gr)
&
g9k« Tz .. Tig G
9.« T Lig O
...... =0 (fork=r)
9i,k Iﬂiq,z Fiq,q Oi,r
Uik Fiqﬂ,z Fiqﬂ,q Gt
Iﬂi1,2 Iﬂll,q gil,r gil,r Iﬂi1,2 I_‘il,q gil,k
L2 Lg G 9, T2 ..Ti,q G
Iﬂiq,z . riq,q Gir Gr riq,z . riq,q 9k
igi12 iqred Jigeur gl gy 2 riqﬂ,q giqﬂvk
p P
Zbklgil,k L2 Lia 9, AHz06(9;)
k= r=
p p
Zbklgiz,k Iﬂiz'2 rizq z giz,rAnggs(gr)
k= r=1
...... =0
p p
Zbklgiq,k riq’Z . riq'q giq,rAfHZQB(gr)
= &
p p
;bklgiqﬂ,k riq+1'2 riq+1'q gqu,rAfH;%(gr)
= £

Repeating the same treatment with the second column, we have

T
q 2 . iqd
iq-H.'Z iq+1'
(fork=r)

(A1)
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s p
Zauﬁil,j L2 .. Tig 9, AHZ0d9))
1= =

s p

- Tig 9, AH306(9;)

AH(g) =
s p

Zajlﬂiq,j riq'z riq'q giq,rAfHSQB(gr)
1= =
s P
JZajlﬂiqﬂj riqﬂ,z e T igrad rZ'giqﬂ,rAfHEQS(gr)
s s p p
Zajlﬂil,j Zajzﬂil,j + Zbkzgil,k o Tig 9, AiH306(9)
1= 1= k= r=
s s p p
T 0
]Zajlﬁiz,j ;ajzﬂiz,j + kZ‘bkzgiz,k e T iad 2 9, AH20d9))
s s p p
Zajlﬂiq,j Zaizﬂiq,j + Zbkzgiq,k o Tiga G AH20491)
1= 1= k= r=
s s p p
r o
;ai]ﬂiqﬂ,j ;ajZﬁqu,j +g‘bkzgiqﬂ,k e Clgead ;giqﬂ,rAfHZQS(gr)
s s p s p p
B B I . ° o

]Zall’B'rl ;aﬁﬁw L igg 2 g|1,rAfH298(gr) Zajlﬂilvj ZkaQil,k I“il,q gil,rAszgs(gr)

= k= r=
s s p s p p
]Zajlﬁiz,j JzajZﬁiz,J r'zq r giz,rAf 29e(0r) Zajlﬂiz,j Zbkzgiz,k . Tiq giz,rAnggg(gr)
= = = = = =
s s p S P r P
Zajlﬂiq,j Zaizﬁiqj Tiva giq,rAfHEQB(gr) JZai]ﬂ iq kZkag‘q'k gl p4 gievrAf 206(%)
= = = = = =
s s p S p p

o B ) I . °

;ajlﬁiqﬂ,j ;ajzﬂiqﬂd Fiq+1!q 2 giq+1,rAfH298(gr) ;aﬂﬁ ig+1d kZb‘Qg'qH'k e e ;g'qﬂ"AszgS(gf)
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The last two determinants are equal to zero for the same reasons as those for the determinant in eq Al.

Note Added after ASAP Posting: This article was released
ASAP on 3/8/2003 with an error in eq 4. The correct version
was posted on 3/11/2003.
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