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An extension of the concept of response reactions (RERS) is presented that allows the generation of
thermochemical data from group additivity (GA) and ab initio methods using precisely the same stoichiometric
and mathematical procedures. This goal is achieved by (i) reformulating the ordinary least squares (OLS)
analysis in terms of GA reactions, (ii) realizing that the modified OLS analysis is equally applied to both GA
and ab initio methods, and (iii) proving that the errors (residuals) may be uniquely partitioned into a sum of
contributions associated with GA RERs. These new findings provide a remarkable interpretation and direct

comparison of the accuracies and capabilities of the GA and ab initio methods.

1. Introduction chemical data, it is of certain interest to compare more closely
their accuracy and capabilities. Although the theoretical back-
round of the GA may be deduced from quantum mechanical
onsiderationd? a direct comparison between the GA and ab
initio methods is still problematic. Our reasoning in formulating

. . ) the problem in this way is the following. In our previous
are numerous molec_:ular SPecies fof which reliable thermody_— publications we extended the conventional theory of response
namic data are lacking or they are incorrect. Because experi- - wtions (RERs) to both GAand ab initid? methods by
mental measurements of thermochemical data are often difficultdefining new types of RERSs, namely, GA and isodesmic RERs.
to perform and_ are expensive, much emphasis is current!y_beenlt was shown that these new types of RERs are intimately related
put on theoretlcall mgthods: The latter may b_e_ r.oughly divided to the calculation of the thermochemical properties of the species
Into two_categories: empirical (group additivity (GA) a'?d from both GA and ab initio methods. More recently, the RERs
molecular mechanics (MM3), etc.) and quantum chemical formalism has been shown to be productive in a more general

(densny fur;]ct_lonal t_h_eolryhand ab 'nr']t'é)' Fod . context, namely, in the analysis and interpretation of the
Despite their empirical character, the GA methodsontinue quantitative structureproperty relationship®

to remain a powerful and relatively accurate technique for the ™ this paper, we present several new developments along

estimation the thhermody?amic properties of the clherr;‘ical this line according to which the GA and ab initio methods are
species, even in the era of supercomputers. Apparently, the akhnexpectedly interrelated. More specifically, we prove that the

|n|t|8| mEtEOdé are more ?c%urati. .A. gloserﬁxgrr}lnat|on of the" generation of thermochemical data from both methods may be
problem, however, reveals that ab initio methods face essentially o tormed using precisely the same stoichiometric and optimi-

the same problems as the GA_ r_n_ethods. The _point is that thezation techniques.

conversion of the accurate ab initio total energies into conven-

tional thermochemical data, e.g., enthalpy of formation of the > conventional GA Analysis

species, requires the adoption of certain reaction schemes ] ) o

involving a set of reference species. For these purposes there We consider a general chemical system comprising a set of

have been proposed several procedures for converting the total SPecies B Bz, ..., By

ab initio energies into the enthalpy of formation of the species T

based on formatioh,isodesmid homodesmié, bond separa- B =(By,By.--.B) 1)

tion,10 and group equivaleHtreactions. The use of these reaction

schemes, however, requires accurate experimental data for théach of the species in this system is characterized by a certain

reference species. In many cases these data are not availablétructure By “structure” of the species it is meant a specified

In addition, this approach introduces specific difficulties such typeg; (j = 1,2,...p) and numbeg;(i = 1,2,..n; j = 1,2,...p)

as the stoichiometric arbitrariness of various reaction schéfnes. of groups in a chemical species 8= 1,2,...n). Here the term

Substantial improvements in the accuracy of ab initio methods “group” is used in the same sense as in the conventional GA

may be achieved using empirical corrections, e.g., atom, bond, methods’ Thus, we can define the matrix

and group additivity correctior$-16 Clearly, empirical methods

also require accurate experimental thermochemical data for the O11 G2 ... Yuq

reference species. In recent years, ab initio methods have been _ 921 922 ... O

used to extend the concept of GA to transition state structOrés. 9= .
Because at this stage the GA and ab initio methods are the Ot Gn2 ... Gng

most reliable theoretical methods for estimating the thermo-

With the advance of experimental techniques and computa-
tional chemistry, substantial progress has been achieved ovelg
the past 16-15 years in the development of a reliable
thermodynamic database for a large set of moleculest, there

)

that may be referred to as tlgeoup matrix It is assumed that
* Corresponding author: ifishtik@wpi.edu. rankg = q. If rankg = p > q, then thep — g linearly dependent
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columns in the group matrix are arbitrarily disregarded. For

J. Phys. Chem. A, Vol. 107, No. 34, 2008699

Notice, to simplify the mathematical treatment, a GA reaction

simplicity, we consider only one property, namely, the standard is not explicitly required to satisfy the mass-balance conditions.

ideal gas-phase enthalpy of formation of the specie§ B
1,2,...n). Define the following vectors

AHT® = (AHPPAHS®,... AHED)T (3)
AfHGA = (AfoAAfHSA,---»AfHSA)T 4)
HOA = (HFAHSA,. HEAT (5)

where AH™® is the experimental standard enthalpy of forma-
tion of the species B AinGA is the standard enthalpy of
formation of the species;Ralculated via GA methods, and
HE” is the enthalpy group value @ (j = 1,2,...0). Define
also a (i x 1) vector of residuals

GA

€ = AH®P — A H®A (6)
As is well-known? the conventional GA method implies that
AHC = gH® 7
Normally, the vector of group valugd$®” is determined from
AH® = gHCA + A (8)
by minimizing the producte®”)Te®A. This gived?
H® = (g"g) ‘g’ AH® 9)

It is to be noted that according to the conventional ordinary
least squares (OLS) analysis, the vector of resideatsmay
be evaluated only afteA{H®* has been calculated.

3. GA Reactions

A common problem in chemical stoichiomettys to generate
a set ofmlinearly independent reactiops(j = 1,2,...,m) among
a given set of species;B

p=vB=0 (10)
where
P = (01,02 P) (11)
and
V11 V12 Vin
p=|"2 Y2 V| ey =m (12)
Vi Ve an

wherev is normally referred to astoichiometricmatrix2 By
analogy with the conventional stoichiometry, we define a GA
reaction?! as one that satisfies the relation

vg=20 (13)
or
VO + VioGoy + oo T V508 = 0
ViiO12 + Vo8 + oo+ ¥8,, =0 i=1,2,..m (14)
VitGiq T Vjooq T - T ¥jnGng =0

The latter, however, are always satisfied because the groups
may be partitioned into chemical elements. From the dimension
of eqs 14 it is clear that the number of linearly independent
GA reactions is equal ton = n — rank g = n — @. Let, for
instance

911 912 ... Guq
g= %1 %22 .. Gq . (15)
gql gq2 . gqq

Then, a set oim linearly independent GA reactions (j =

1,2,..m)
p; = vBy T VB + .+ 1B =05 (=1.2,..m (16)

may be generated by solving the system of linear homogeneous
egs 14. A particular solutiondk

91 Y2 .99 O
91 G2 % O
O-11 H-12 . k=14 O
Vik = Ok Ok gkq 1 ;k=1,2,...q
Ok+11 Gt+12 -0 Gkt1q O
gql gq2 gq 0
O9+j1 Y4+i2 - Yg+iq O
91 9 99 O
01 O O O
Vj’q+h == 6j‘q+h Kl see wms waw
gq]_ gq2 gqq O
Yg+h1 Yg+h2 - Ygng 1
911 912 ... Guq
gql ng . gqq (17)

where
5 _J1lifj=h
bath ™1 0ifj=h
Using the properties of the determinants, the seh bhearly

independent GA reactions obtained above may be presented in
a more compact form as

g1 92 . Oy B
91 92 Oy B
o= - e e . =0;j=1,2,..m (18)
gq,l gq,z . gq,q Bq
Yotit Yoti2 - Jatia Basi
Let
AH 7= (AHTPAHZ?, ..., AHED)' (19)
AH &% = (AHFAAHSA, . AHSA)T (20)

where AH™® (j = 1,2,..m) are the experimental enthalpy
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changes and&HjGA(j = 1,2,...m) are the calculated via GA
enthalpy changes of the GA reactiop§ = 1,2,...m). These

vectors may be determined by employing the conventional

thermodynamic formalism

AH = yAH® (21)
AH % = vAH® (22)
or
AH® = v AHT® + v, AHSP + 4 v AHE®:
j=1,2,..m (23)
AHPA = v AHP + v AHSA + L+ v AHSS,
j=1,2,..m (24)

Inserting here the stoichiometric coefficients of the GA reac-
tions, eq 17, we obtain

1 Y2 .. % AHD®
01 U2 c G AHZP
AHpr: e (i=12,..m
Y1 Ya2 9  AHG®
Og+i1 Jq+i2 - Yoqriq AHSE
g1 o qH.a Afg (25)
91 912 ... Oy AfH(lsA
91 9 . O AfHSA
AHPA =1 L L j=12,..m
9ar %2 - Gaa AHG
Og+i1 Yg4i2 - Ygrig A HGA
a1 o g Ag (26)

The GA reactions defined above have a very important
property. Namely,

GA

0

vAH® = AH ™ = (27)
This result follows from the combination of eqs 7 and 13.
Alternatively, combining eqgs 6, 21, and 27 gives
ve®t = AH® (28)
Similar stoichiometric relations are valid for ab initio methods.
Let
Al
AH™ = (AH A AHT)T (29)
whereAH(j = 1,2,...m) are the enthalpy changes of the GA
reactionsoj(j = 1,2,...m) evaluated via ab initio methods. These

guantities may be evaluated using either ab initio enthalpies of

formation of the species or ab initio total enthalpies of the
species. Define the following vectors:

AHY = (AHY AHS .. AHMT (30)

HA = (HY HY .. HAYT (31)
where AH is the standard enthalpy of formation of the
species Bcalculated via ab initio methods amif' is the total
ab initio enthalpy of the species.Elearly, the enthalpy changes
of the GA reactions calculated either vlaH”' or HA' should
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coincide independently of the method used to evaluaté? .
That is

AH M = yAHN = yHA (32)

or
AHJ-AI = leAfH/fl + ijAfH/é\I +.t 1’inAfHﬁI - V”H?I +
vHS + Ly HY = 1,2,..m (33)

or, using the stoichiometric coefficients of the GA reactions,
eq 17

011 G2 ... Oy Ain\l
021 O22 C O AHY
Al _
AWM= L .
gq,l gq,z . gq,q Aqu
Al
I+i1 Gtz - Gotia AHgy
O G2 .. G HY
91 9 . O H/ZM
=|... e . 3j=1,2,..m (34)
gq,l gq,2 gqq Hﬁ:
gq+j,1 gq+j,2 gq+J q Hq+]

Define further an additional characteristic of the GA reactions,
namely

OAH, = AH® — AHY' (35)
and a vector of residuals
&' = AHT — AHM (36)
Subtracting eq 32 from eq 21 we finally obtain
ve' = 6AH, (37)

As can be seen, eq 37 totally resembles eq 28.

4. An Alternative Approach to GA and Ab Initio
Methods

Next, we reformulate the GA OLS analysis in terms of GA
reactions. The idea is to calculate the vectors of residefdls
without any preliminary evaluations of the vector of group
values H®A, Thus, we can evaluate directly the vector of
residualse®” by minimizing €®*)Te®A subject to the linear
constraints given by eq 28. For this purpose we employ the
method of Lagrange’s undetermined multipliers and minimize
the Lagrangean function

GA\T GA T GA ex|
F=(e")e" +4 (ve" — AHJ®) (38)
with respect te®* andA. The procedure results in a system of
linear equations

26°* + 1"y =0 (39)

GA _ exp
ve™ = AH, (40)
It is seen that within this approach the residuet§ may be
directly evaluated without any need to evaluate the vector of
group values! The solution of eqs 39 and 4% is
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A =yTa AP (41) vé' = 6AH, (48)
wheres is a square matrix of orden defined as The solution of this system of linear equations is
7=y =l & =7 19AH, (49)
T =Ty, = ivrivsi Similarly, the enthalpy of formatiom\H.', of the species
= Bn+1 from a test set may be evaluated from a stoichiometrically

arbitrary GA reaction, eq 44, according to

rs=12,..m (42)
Notice that the determinant of the matrixand denoted b i,
| | A ZViAinAI + Vn—b—lAfH':-li—l = AHﬁI (50)
Ty iz ... Ty =
Ty T 7
A=Detg=| 2 72 = 7am (43) and, hence
nml ﬂm2 nmm n
AHY . = AHY — L v AHY (51)
is necessarily a positive value and, therefore, the inverse of i+l < i

always exists.

Although the stoichiometric matrix is generated arbitrarily, . )
the solution fore® is unique. That isg® is independent of ~ ©- GA and Ab Initio Methods in Terms of GA RERs
the choice ofv. A prOOf of this statement is giVen below. We According to our previous deve|0pment' a GA RERs
also stress that there are no mathematical advantages in thejefined asa reaction that is subject to group presérg
above modification of the GA OLS analySiS. Moreover, it may conditions and imolves no more than rang + 1= q + 1
be shown that the vector of residua?® given by eq 41 is species. Let BBi,....B,Big. (1 < i1 < iz < ... <liq < igi1 <
equialentto the vector of residuals obtained by applying the n) pe theq + 1 species involved in a GA RER. Such an RER

conventional OLS GA analysis, i.e., given by eqs®% The s denoted byy(Bi,,Bi,,....B,,Bi,.) and its general equation is
importance of this approach, as shown next, lies in its ability

to provide a remarkable interpretation of both GA and ab initio q+l
methods. _ _ _ 9B B...B_B_ )= Zvik(g)Bik =0 (52)
Because the GA analysis can be performed without generating 4 =

the group values, a natural question that arises in this respect is
how to estimate the properties of the species from the test setyvhere
say, species B1? The enthalpy of formation of this speci&s
HS” may be evaluated from any conceivable GA reaction 1 G2 ..Gq O
involving the species Bi. Let an arbitrary GA reaction ! ! !

91 Y92 ..94q O

involving the species B, be

. g| 1 g, 2 ... G d O
o= ViBi + v B =0 (44) k=1 k=1 k-1
; L v(@=|% G2 .. Gg 1 (53)

9.19.,2 .9 0
Because for any GA reaction, according to eq 27, we have et Sk et

n o o 92 G2 .94 O
IZ”iAin + v AH =0 (45) 91 Y2 .. 99 O
then A complete set of GA RERs can be generated by considering

all of the possible choices af + 1 species from a total ai.
GA 1 oA The experimental enthalpy changes of the GA RERs denoted
AR = __ZViAin (46) asAH®Ng) = AH®¥B;,,B,,,...,B,,Bi,.,) are interrelated with the
Val= standard enthalpies of formatiaH;™" of the species via

n

Of course, this procedure is valid provided eq 46 is

independent of the choice of the GA reaction involving the .1 9.2 .Gy Ainxp
species B1. A proof of the independence QXfoffl on the g1, 9., g AHEP
choice of the GA reaction is presented in ref 22. exp 2 'z 2 i

Because of the mathematical similarity between eqs 28 and AH™H G = ... .. .. (54)
37, the procedure outlined above for GA methods may be 9,1 9,2 .. Y%a AHP
extended to ab initio methods. Thus, the vector of resideféls eqxp
may be directly obtained by minimizing{)Te*' subject to the a1 a2 o Giga AHL

linear constraints given by eq 37, resulting in
Similar relations hold for the enthalpy changes of the GA RERs
2N +2'v=0 47 AHA'(g) obtained from ab initio calculations:
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g, 9. g HA TABLE 1: Experimental Enthalpies of Formation (kJ/mol)
v e e Sl Ty and Total Enthalpies (hartree) at the G3 Level of Fluoro-
9,1 %2 .. %q HCI and Chloromethanes
AHN@=1.. .. .. .. (55) AHP H>®
G1 G2 .. 0gq HN 1 By CHg ~74.6 —40.453813
q q q Aql 2 B, CFK, —933.2 —437.302900
9 19 5.9 4H 3 Bs cCly -96.0 —1,878.276568
. s P et e 4 Bs CHF —2343 ~139.645784
We also introduce the quantity 5 Bs CH,F> —450.7 —238.858175
ox Al 6 Bs CHCI —83.7 —499.909048
O0AH(g) = AH®¥g) — AHY(g) (56) 7 B, CH:Cl, —95.5 —959.366688
. " . B Bs CFRClI —709.2 —797.540914
We are now in a position to formulate the following results: 9 Bo CECl, 4916 —1,157.782200
1 10 Bio CHR; —692.9 —338.082135
GA _ — eXP() | — 11 By CHCI —103.2 —1,418.823436
7" = v,(g)AH ;1 =1,2,... 57 1 3 '
8 AZ '(g) ) n (57) 12 Bi2 CFCk —288.7 —1,518.027193
g 13 Bis CH.FCI —261.9 —599.109188
;1 ) 14 Bus CHFCI —481.6 —698.323412
' = ZZvi(g)éAH(g); i=1.2,..n (58) 15 Bis CHFCh —283.3 —1058.570575
g

2 Reference 25" Reference 26.
where
1 of the algorithm with the help of a simple example comprising
A= —Zf(g) (59) only five species. The capabilities of the algorithm are next
m‘g briefly illustrated by applying it to two more complex systems.
N 6.1. Chloromethanes.Consider the complete set of chlo-
f(g) = v-z(g) (60) romethanes C{Cl,—x wherex =0, 1, 2, 3, 4. The experimental
; ! enthalpies of formatic along with the total enthalpies obtained
at the G3 leveP are presented in Table 1. For this system there
are three possible GA approximations depending on how the
groups are defined. We consider all of them in an increasing
order of accuracy.
6.1.1. First Approximationln a first approximation, we
consider only two types of groups, namefy,= C—H andg;
= C—CI. The group matrixg in this case is

The proof of these results follows exactly the same lines as those
considered in ref 22, and therefore, is not given here.

As can be seen from eqs 57 and 58, the residuals of the
species obtained from both GA and ab initio methods may be
uniquely partitioned into a sum of contributions associated with
GA RERs. It may be remembered that a GA RER involves no
more thanq + 1 species wherg is the number of groups.
Consequently, the partition of the residuals into contributions g &
associated with GA RERs is in fact a partition into contributions 4 01CH
coming from all possible subsets @f+ 1 species from a total 4

of n. Each of these contributions has a very simple form. Thus, 3 1CHCI
the contribution of every GA RER is given by a product of g=|2 2 |CHClL,
two terms. One of them is the stoichiometric coefficier{g) 1 3 | CHCl
of the species Bwhile the other, is the change of the 0 4]1cCCl

experimental enthalpy changAH®xXg) or the difference
between the experimental and ab initio enthalpy chage(g) First, we derive a set of linearly independent GA reactions. Since
= AH®¥g) — AHA(g) in a particular GA RER. Notice that rankg = 2, the number of linearly independent GA reactions
the stoichiometric coefficients of the GA RERs are solely is equal to 3. According to eqs 3.7 an appropriate set of
functions of the number and type of groups, i.e., structure, while GA reactions may be generated as
the enthalpy changes of RERs are functions of both the structure
and thermochemistry. Because the GA RERs are stoichiomet- 4 0 CH,
rically unique, the independence of egs 41 and 49 of the choice p, = |3 1 CH;Cl | = 4CH, — 8CH,Cl + 4CH,Cl, =0
of the stoichiometric matrix becomes obvious. 2 2 CH)ClI,

Eqgs 57 and 58 are also a powerful tool for the rationalization,
comprehension, and interpretation of the GA and ab initio 4 0 CH,
caIchanns._A complete list of GARERs, i.e., the|r_st0|ch|_o- ,=|3 1 CH,Cl| = —8CH, + 12CH,Cl — 4CHCL =0
metric coefficientsvi(g), along with the changes in their 1 3 CHCI
enthalpiesAH®®g) anddAH(g), provides detailed information 3
about the structurethermochemistry relationships. For instance,

with a complete list of GA RERS, one can easily determine the 4 0 CH,
GA RERs that have the smallest or highest contributions to the 3= |3 1 CHCl| = —12CH, + 16CH,CI — 4CCl, =0
residuals, or, equivalently, a subset of species whose structure 0 4 CCl,

is highly or poorly correlated with the thermochemistry. In o )
particular, the GA RERs approach may be of real use in or, dividing all of the reactions by 4,

detecting the outliers.
p,= —CH,+ 2CH,Cl — CH,CI, =0

6. Examples p,= —2CH,+ 3CH,Cl — CHCl;= 0

We consider several applications of the described above
approach. To save space, we illustrate first the technical details ps= —3CH,+ 4CH,Cl - CCl,=0
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Hence, the stoichiometric matrix is

CH, CH.CI CH,Cl, CHCI, CCl,

R R
23 0 -1 0
-3 4 0 o -1

Now, the matrixz, eq 42, and its inverse can be evaluated

6 8 11
x=vv' =8 14 18
11 18 2

455 —1/5 —1/5

at=|-1/5 7110 —2/5
—1/5 —2/5 2/5

J. Phys. Chem. A, Vol. 107, No. 34, 2008703

Similarly, according to eq 49, the residuals of the species at
G3 level are

& =y 7 1AH,
-1 -2 -3

2 3 4| 4/5 —-1/5 —-1/5]| —3.61

=(-1 0 Of|—1/5 7/10 —2/5|| —8.99

0 -1 Of|—-1/5 —-2/5 2/5][—19.77
0 0-1

(3.23,—1.62,—2.86,—2.34, 3.59)

As can be seen, within the first approximation the accuracy of
the G3 method is higher than the accuracy of GA method. For
instance, the mean absolute deviation of the residuals is equal
to 4.51 kJ/mol for GA method while the same quantity for G3

The experimental enthalpy changes of the above linearly is equal to 2.73 kJ/mol.

independent GA reactions are

1 4 0 —74.6
AHEX’):Z 3 1 —83.7| =2.7 kmol
2 2 -955
1 4 0 —74.6
Angp=Z 3 1 -83.7 |=1.3kJ/mol
1 3 —103.2
1 4 0 —74.6
AHgXp=Z 3 1 —83.7| = —15.0 kd/mol
0 4 —96.0

Similarly, the ab initio enthalpy changes at the G3 level are

4 0 —40.453813
=
AHS = 2625'“ 3 1 —499.909048 = 6.31 kJ/mol
2 2 —959.366684
ogo5.d 4 0 —40.453813
AHS®= 2|3 1 —499.909048) = 10.29 k/mol
1 3 —1418.823436
o544 0 —40.453813
AH§3=T' 3 1 —499.909048 | = 4.77 kd/mol
0 4 —1878.27656
and

OAH, = AHZ® — AH®*= 2.7 — 6.31= —3.61 kJ/mol
OAH, = AHZ® — AHS® = 2.3— 10.29= —8.99 kJ/mol

OAH, = AHS® — AHS® = —15.0— 4.77= —19.77 kJ/mol

Thus, according to eq 41, the residuals for the GA method
are equal to

e =y A IAH?

-1 -2 -3
2 3 4| 4/5 -1/5 —-1/5 2.7
=[-1 0 O0J|—-1/5 7/10 —-2/5 13
0 -1 O0f|—-1/5 —2/5 2/5]-15.0

0 0-1

(3.54, 0.67~4.90,—6.37, 7.06)

6.1.2. Second ApproximatioAt a higher level of approxi-
mation we consider three types of groups, namely,=
CHa, g4 = CHCI, andgs = CCkL. The group matrix in this
case is

83 84 85

6 0 0|CH,

3 3 0|CHCl
g=|1 4 1|CH(C,

0 3 3|CHClL

0 0 6JCCl,

For illustration purposes we analyze this system using the GA
RERs approach. Sincankg = 3, a GA RER involves no more
than 3+ 1 = 4 species. Hence, the total number of GA RERs
is equal to the number of ways four species may be selected
from a total of five, i.e., is equal to 5. For example, the first
four species define the following GA RER:

g(CH,, CH,CI, CH,Cl,, CHCL)

6 0 0 CH,

3 3 0 CHLCI
1 4 1 CH.CI,
0 3 3 CHCl,

= —18CH, + 54CH,Cl — 54CH,Cl, + 18CHCL = 0

or, in a more conventional form

9(CH,, CH3CI, CHCl,, CHCL) =
—CH,+ 3CH,Cl — 3CH,Cl, + CHCl; =0

A complete list of GA RERs along with their experimental and
G3 enthalpy changes are given in Table 2. Based on these data,
the residuals of the species may be partitioned into a sum of
contributions associated with GA RERs according to egs 57
60 (Table 3). The overall residuals may be obtained by summing
over the GA RERs. Again, within the second approximation
the accuracy of the G3 method exceeds that of GA method.
For instance, the mean absolute deviation is 0.31 kJ/mol for
G3 vs 2.18 kJ/mol for GA method.

6.1.2. Third ApproximationThe third and the highest possible
approximation in this system is the following selection of
groups: ge = CHs, g7 = CH,CI, gs = CHCl,, andgg = CCls.

This selection results in the group matrix
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TABLE 2: Complete List of GA RERs and Their Enthalpy Changes (kJ/mol) for Second Approximation in Example 1

AH®¥g) AH®(g)
1. g(CHa,CHsCI,CH.CI,,CHCl) = —CH4+3CH;CI-3CH,Cl,+CHCl; = 0 6.8 8.66
2. g(CHa4,CH;CI,CH,Cl,,CCly) = —3CH;+8CHsCI-6CHCl,+CCl, = 0 31.2 33.12
3. 9(CH,4,CH;CI,CHC;,CCly) = —3CH;+6CHsCI-6CHCL+3CCL = 0 52.8 47.42
4. g(CH,4,CH;Cl,,CHCE,CCly) = —CHy+6CH,CI-8CHCL+3CCL = 0 39.2 30.11
5. g(CHsClI,CH;Cl,,CHCl;,CCly) = —CH3CI+3CH,Cl,-3CHCL+CCl, = 0 10.8 7.15
8¢ 87 8s 8o TABLE 3: Partition of the Residuals into Contributions
4 0 0 0lcu Coming from GA RERs (Second Approximation in
4 Example 1)
1 3 0 0|CHCl
g= 0 2 2 O CH2C12 GA RERs e(CH4) e(CH3CI) e(CH2CI2) e(CHC|3) E(CC|4)
0 03 11CHC, 1 0.04 0612 Memog 12 0.04 0
000 4]ccly 2 —053 143  -1.07 0.00 018
3 —0.91 1.81 0.00 —1.81 0.91
The rank of the group matrix is equal to 4 and, consequently, 4 -0.22 0.00 1.34 -1.79 0.67
the system is described only by one GA reaction. Obviously, 5 0.00 -0.06 0.19 —0.19 0.06
this reaction is also a GA RER and its equation is overall  —1.70 3.29 0.34 =375 182
G3 Method
p = g(CH,, CH,CI, CH,Cl,, CHCL,) 1 0.01 —0.03 0.03  -0.01 0.00
CH 2 0.03 —0.09 0.07 0.00 -0.01
4000 4 3 —0.09 0.18 0.00 —0.18 0.09
1300 CH3C| 4 —0.05 0.00 0.31 —0.42 0.16
=10220 CH2C|2 5 0.00 —0.02 0.06 —0.06 0.02
overall —0.10 0.04 0.47 —0.67 0.26
0 0 3 1CHClL
000 4CCl TABLE 4: GA vs G3 for Fluoro- and Chloromethanes at
Different Levels of GA Approximations
= 24CH, — 96CH,CI + 144CHCI, — 1st 2nd 3rd
96CHCL, + 24CC|,=0 e &2 €A &2 €A 3
or B1 —19.86 2.46 —7.59 0.03 0.10 -—0.08
B, —-30.72 —2.90 582 -0.10 0.03 -—-0.26
_ _ B3 4.40 2.52 1.19 0.41 0.25 0.34
p= CH, — 4CH,Cl + 6CH,Cl, — 4CHCL + CCl, =0 Ba 3238 277 1161 026 —002 078
Bs 27.91 0.00 0.18 —-1.67 -0.29 -—-157
The experimental and G3 enthalpy changes of this GA reaction Bs —17.54 —2.46 144 -0.17 -0.37 -0.48
areAH®** = 4.0 kJ/mol and\H®3 = —1.5 kJ/mol. Respectively, Bz —17.93 -3.78 0.72 0.15 0.24 0.32
O0AH = AH®P — AH®3 = 5.5 kJ/mol. From the above general EB 7;'2232 731833 01'7636‘,) 71f(1)1 70?518 70"1427
results itcan be dec_iuced that for systems with one GA reaction Bo 235 180 —10.99 1.90 0.42 1.46
the residuals are given by By  —1421 -333 -296 -087 -0.18 -0.36
B1, 1222 216 031 —0.46 -0.81L -0.99
viAHEXP Bis 16.19 0.79 5.44 1.36 0.63 0.80
e,GA = i=12,..n B1a 8.43 -047 —-6.00 -0.72 -0.70 -1.24
n ' = Bis 6.21 -—0.28 —1.60 0.26 0.07 0.43
kaz MAD 15.16 1.99 3.88 0.74 0.39 0.72
k=
tions that are summarized in Appendix A. The final results for
o3 v;0AH _ all three approximations are given in Table 4. It is seen that the
e = yi=12,.n accuracy of the G3 method slowly increases as we move to
. 2 higher levels of GA approximations. At the same time, the accu-
kZle racy of the GA method strongly depends on the GA approxima-

tion. As expected, an increase in the complexity of groups results

From these equations it follows immediately that because the In @ higher accuracy of the GA method. Interestingly, at the
differencedAH = AHE® — AHG3 slightly exceedsAHe, the highest possible level of approximation, the accuracy of the GA
accuracy of the GA method within this approximation js Methods exceeds the accuracy of the G3 method.

(slightly) higher than the accuracy of the G3 method. The 6.3. Chloroethanes.The experimental enthalpies of forma-
numerical values of the vector of residuals are tion,?” total enthalpies of the species at the G2 |e¥els well

as the definition of group and a brief summary of the analysis

eBA = (0.06,—0.23, 0.34,-0.23, 0.065 using the algorithm discuss_ed_a_bove are presented in Appendix
B and Tables 5 and 6. Again, it is seen that the accuracy of the
e**=(0.08,—0.31, 0.47-0.31, 0.08) GA method significantly depends on the definition of groups.

That is, for structurally simple groups the accuracy is very low.
6.2. Fluoro- and Chloromethanes.The experimental en-  As we move to more complex groups, however, the accuracy
thalpies of formatio?P along with the total enthalpies at the of the GA method rapidly increases. On the other hand, the
G3 levef® for all of the 15 species in this system are presented accuracy of G2 method is less dependent on the type of GA
in Table 1. We have considered three levels of GA approxima- reactions, although an increase in the complexity of groups also
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TABLE 5: Experimental Enthalpies of Formation (kJ/mol)
and Total Enthalpies (hartree) at G2 Level of Substituted
Chloroethanes
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providing the total G3 enthalpies of fluoro- and chloromethanes.

AHEP2 HE2p Appendix A. GA Approximations for Fluoro- and

Bi  CH«CHs —84.0+ 0.4 ~79.626396 Chloromethanes

B, CH;CH,CI —112.1+£0.7 —538.777329 1st Approximation. For groupsg; = CH, g, = CF, andgs

Bs CH;CHCl, —132.5+ 35 —997.927129 = CCl, the group matrixrank g = 3) is

Ba CHsCCls —144.6+ 2.0 —1457.073227 = &L, the group 9=

Bs CH.CICH.CI —132.0+ 3.5 —997.926212

Bs CH,CICHC, —148.0+ 4.0 —1457.073162 81 82 83

Bz CH.CICCl; —152.3+ 2.4 —1916.217376 4 00 B,

Bs CHCLCHCI, —156.7£ 3.5 —1916.217902 0 4 0B

Bg CHCI,CCl; —155.9+ 4.3 —2375.360623 2

Bio CClLCCl ~148.2+57  —2834.501485 0 0 4(B;

3 10]|B

2 Reference 27° Reference 28. 4
_ _ 2 2 0 |B;
increases the accuracy of the G2 method. Finally, the accuracy 3 0 1]|Bg
of the GA methods at high levels of approximation exceeds 2 0 2|(B,
that of the G2 method. g=|0 3 1|B
7. Discussion and Concluding Remarks (1) g (2) 39

The key elements of this work can be summarized as follows. 1 0 3 Blo
The conventional formalism provided by the theory of RERs 01 3 B“
can be naturally extended so as to include additional constraints. 21 1 B‘Z
Thus, one can define and generate a stoichiometrically unique 1 2 1 BB
and finite set of RERs that additionally preserves the number 14
and types of groups. This new type of RERS, referred to as the |1 1 2]Bys

GA RERs, has several important properties. First, the thermo-

chemical characteristics of the GA RERs are related to the The linearly independent GA reactions are as follows:
accuracy of the GA and ab initio methods. In particular,
assuming that the main assumptions of the GA methods are

exactly valid should result in GA RERs that have the remarkable kJ/mol =
property of being thermoneutral. Second, the GA RERs are AH® AH;
intimately related to the conventional OLS analysis. Thus, the  p, = —3B,—B,+0Bs+4B, =0 219.8 213.20
residuals of the thermochemical properties of the species p2= —2B;—2B,+0B;+4Bs=0 212.8 211.95
obtained from both GA and ab initio methods may be naturally ~ ps= ~3B1+0B,~Bs+4Bs = 0 —-15.0 4.77
partitioned into a linear sum of contributions associated with pa— _251+OBZ_ZB3+4E7_ 0 —40.8 —15.73
. . . P5= OBl—SBz_Bg+4Bg =0 58.8 56.74
GA RER;. Third, the GA RERs proy@g an unusual inter- po= 0B1—2B,—2Ba+4By = 0 92.0 79.12
relationship between the GA and ab initio methods. Namely, 5, = —B,—3B,+0Bs+4By, =0 102.6 89.20
the generation of thermochemical data in both methods may be  ps = —B;+0B,—3B3;+4B1; =0 —50.2 —26.85
done using exactly the same mathematical and stoichiometric ~ po = 0B1—B>—~3Bs+4B1, =0 66.4 62.57
pP10= _ZBl—BZ_B3+4Bl3 =0 130.8 132.17
procedures. As a result, the performance and accuracy of these "~ _
methods may be directly compared p1= —B1~2B,~Bst4B1, =0 110.6 111.67
) P12 = —Bl_Bz_ZB3+4Bls =0 66.6 72.33

The GA RERs approach is also a powerful interpretative
concept. That is, the partitioning of the residuals into contribu-
tions coming from GA RERs provides detailed “insider”
information that is unavailable within the conventional OLS GA
analysis. Clearly, this information may be used to get a deeper
understanding of the mathematically complex and, often, musky
interrelations between the structure and thermodynamic proper-
ties of the species and, ultimately, to improve the accuracy of
the GA and ab initio methods. One of the outputs of the GA
RERs analysis is a subset of dominant GA RERs. Thus, one
may determine a small subset of species that are mutually poorly
correlated and, hence, are responsible for a low performance
of the GA and ab initio methods. These species are not always
outliers and, hence, their deletion may not improve the accuracy.
Rather, one should concentrate on these species in order to
determine the particularities of their structure that caused the
poor correlation and/or make an effort to find other reference
species or groups that may improve their mutual correlation.

It may be noted also that the newly defined GA RERs may
be fruitfully applied to solve a wide range of other problems in
physical organic chemistry. Examples include the stabilization/
destabilization effects in cyclic molecules and aromaticity. Work
along this line is in progress.

2nd Approximation. For groupsgs = CH,, gs = CHF, gs

84 85 86 87 88 &9

6 00
000
000
330
1 40
303
10 4

g=[0 0 0
000
030
00 3
000
12 2
021
012

O~ OO0 WMFRWOO~ROOOO

o

NMNDN—= WOOPRPWOOOOOO

0

— O O0OWWO~R O, OOOOO

= CHCI, g7 = CF, gs = CFCl, andge = CCl,, the group matrix
(rankg = 6) is
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TABLE 6: GA vs G3 for Chloroethanes at Different Levels of GA Approximations

Fishtik

and Datta

1st 2nd 3rd 4th 5th

qGA q(32 qGA QGZ QGA QGZ QGA QG2 qG A E‘,GZ
B1 20.16 3.96 10.18 0.69 10.65 0.91 0.09 0.19 0.03 0.04
B> 2.88 -0.19 2.88 -0.19 2.41 -0.41 —0.40 —-0.84 —-0.21 -0.23
Bs —6.69 0.76 —6.69 0.76 —5.75 1.21 0.28 0.55 0.21 0.23
B4 -7.97 0.28 —17.95 —2.62 —-17.95 —2.63 —0.06 —0.08 -0.07 —0.08
Bs —6.19 —-1.15 3.79 1.76 2.38 1.08 0.45 0.80 0.31 0.34
Bs —-11.37 —-3.29 -1.39 -0.38 —-1.39 -0.38 —-0.61 —0.69 -0.62 —0.68
B, —4.85 —-0.91 —4.85 —-0.92 —5.79 —1.36 0.10 —0.08 0.21 0.23
Bs —9.25 —3.93 0.74 —1.02 2.15 —-0.34 0.18 —-0.13 0.31 0.34
Bo 2.38 —-0.37 2.38 —-0.37 2.85 -0.15 —0.04 0.40 —-0.21 -0.23
Bio 20.90 5.21 10.92 2.30 10.45 2.07 0.00 -0.12 0.03 0.04
MAD 9.26 2.01 6.18 1.10 6.18 1.05 0.22 0.39 0.22 0.24

The linearly independent GA reactions are as follows:

p1= 3B]_—Bz+083—884+086+088+685 =0
pP2= 3B]_+OBZ_ Bg+OB4-8BG+OBg+GB7 =0
pP3 = OB]_+3Bz_Bg+OB4+OBe-SBg+GBg =0
Pa= 381-352+0B3-6B4+OBG+OBg+6B]_o =0
pP5— 3Bl+OBz-3Bg+OB4-6Be+OBg+6B]_]_ =0
pPe— 081+3Bg-3B3+OB4+OBG-683+6B]_z =0
p7= 3B]_+Bz+OBg-4B4-4Bs-ZBg+6B13 =0
ps— 3B]_+Bz+OB3-4B4-2Bs—4Bg+6814 =0
P9— 3Bl+282_ Bg-284-4Bs-4Bg+6Bls =0

kJ/mol
ex| G3

AHZ®  AHS
—20.4 —108.48
—31.2 —33.12
20.4 5.20
—175.8 —186.00
—52.8 —47.42
11.4 8.74
—38.0 —48.08
—105.2 —104.82
—53.8 —59.61

3rd Approximation. For groupsgio = CHs, gi1 = CH,F,
012 = CHxCl, g13 = CHF,, g14 = CHFCI, g15 = CHCL,, g16 =
CFRs, 017 = CRCI, g18 = CFCh, and g9 = CCl;, the group

matrix (rank g = 10) is

810 811 812 813 81a
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The linearly independent GA reactions are as follows:

kJ/mol
ex| G3
AHP®  AHS
p1 = —3B1—3B,+0Bs+12B,—18Bs+0Bs+ 9.6 —46.57
OB7+OBg+OBg+OBJ_3+lZB1o =0
p2 = —3B1+0B;—3B3+0Bs+0Bs+12Bs— —12.0 4.51
18B7+OBg+OBg+OBl3+1ZBq_1 =0
03 = 0B;—3B,-3Bz+0B4+0Bs+0B¢s+ —38.4 1.89
0B7+12Bs—18By+0B13+12B;, = 0
p4:-3B;|_+Bz+oBg+884—685+4Ba+ —14.0 —-5.01
OB7_4Bg+OBg—lZB_|_3+1ZBq_4 =0
05 = —3B1—B,+0B3+4B;+0Bs+8Bs— —20.8 —4.85

6B7+4Bg—689— 12813+12815 =0

Appendix B. GA Approximations for Chloroethanes

1st Approximation. For groupsy; = CH andg, = CCl, the
group matrix (ank g = 2) is

O = NN WRAWRAOVODN

—_

AN E B LWDWND = O

~

The linearly independent GA reactions are as follows:

kJ/mol
AHP® AHF?
p1= Bl—ZBz+Bg =0 7.7 2.97
p2=2B1—3B,+Bs=0 23.7 15.67
pP3 = Bl—282+B5 =0 8.2 5.38
pa=2B1—3B,+Bs =0 20.3 15.84
ps = 3B1—4B,+B;=0 44.1 33.48
pe = 3B1—4B,+Bg =0 39.7 32.10
p7 = 4B1—5B,+Bg =0 68.6 53.66

2nd Approximation. For groupsgz = CH,, g4 = CHCI, and
gs = CCly, the group matrixrank g = 3) is

O OO R, NDNWWAROADMKN

—_

ONBEANPE,PRL,ONDNO®

[

AP WFROWRFRLOOMN

w
1
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The linearly independent GA RERs are as follows: 5th Approximation. For groupsgis = H,CCHs, g9 =
HC'CCHg, J20= C|QCCH3, 01 = HzCCHgC', O22 = HC|CCH2-
C|, O23 = C|2CCH2C|, Oo4 = HzCCHCb, Oos = HC|CCHC|2,

kd/mol G26 = Cl2CCHCh, G27 = H,CCCh, g2s = HCICCCh, andgze
AH® AHP? = Cl,CCCk, the group matrixrank g = 9) is
pP1= _B1+3Bz—3B3+B4 =0 0.6 6.74
p2 = B1—2B,+0Bs+Bs =0 8.2 5.38 g=
zjzgézfégfj;’f;;?=o ;ig %igg 818 819 820 821 822 823 824 825 82 827 828 829
ps = B1+0B,—2Bs+Bs =0 24.3 26.15 6 0 0 0 0OOO O O 0 O OB
pe = 0B1+3B,—4Bs+By =0 37.8 41.76 1 2 0 3 0 0 0O 0O O 0O 0 OB,
p7 = —B11+6B;—6B3+B1o=0 58.2 62.25 0 2 1 0 0 0 3. 00 0 0 O B,
3rd Approximation. For groupsgs = CHs, g7 = CHxCl, gs 06030000003 0 0B,
= CHCl,, andgy = CCls, the group matrixiank g = 4) is 0 002 400000 0 0B
0 0 00 211 2 00 0 0|B
86 87 88 89 0 0 000 3 00 0 1 2 0]|B
[2 0 0 0]B, 0 000OO O 0 4 2 0 0 0B
1 10 0]B, 0 000 OO OO0 3 0 2 1/|By
1 01 0]|B, [0 0 0 0O OOO O O 0O 0 6 By
1 00 1]B,
g=[0 2 0 O [Bs The linearly independent GA RERs are as follows:
01 1 0]Bg
010 1]B
002 0B, kd/mol
001 1]B AHP? AHZ?
[0 0 0 2 ]|By p1 = B1—6B,+6B;—2B4+9Bs— 21.9 —2.24

1855+6B7+988—689+Blo =0

The linearly independent GA RERs are as follows:
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