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Reviews

Re-tooling Benson’s Group Additivity Method for Estimation of the Enthalpy of
Formation of Free Radicals: C/H and C/H/O Groups

Arijit Bhattacharya* and Sagar Shivalkar

Chemical Engineering and Process Development Division, National Chemical Laboratory, Dr. Homi Bhabha Road,
Pune 411008, India

Enthalpy of formation of free radicals is often required for the discrimination of reaction mechanisms (for complex
processes such as combustion, hydrocarbon oxidation, or decomposition of peroxides and hydroperoxides) involving
both molecular species and free radicals. Despite the expanding availability of the experimental measurements,
the database for the enthalpy of formation of radicals is still not comprehensive. One of the simplest, efficient,
and reliable methods for estimating the quantity for organic radicals from their molecular structure is the group-
additivity method due to Benson and co-workers. Perusal of the literature shows that the group-additivity values
(GAV) for many radical groups have remained either undetermined or obtained by assignment to the corresponding
molecular groups without justification. In this paper, we devise simple methodologies to evaluate GAVs for a
number of new oxygen-containing radical groups and re-estimate several alkyl and oxygen-containing radical
groups using experimental data on the radical enthalpy of formation. The validity of these GAVs has been
established by comparing the predicted enthalpies with experimental data. Finally, some of these updated GAVs
were used in estimating the enthalpy change associated with the typical elementary steps in a peroxide decomposition
reaction.

Introduction mere empirical rate laws. The availability of thermochemical
f data has come to acquire critical value to both chemists and

Simple, efficient, and reliable methods for estimation o hemical engineers. E iallv for discrimination amond r.
properties of organic compounds from their molecular structure CNeMICal ENgineers. Especially for disc ation among reac
tion mechanisms involving free radicals and other reactive

are always in demand in the design of products and processes, ; . )
In modern computer-aided calculations involved in process !ntermedlates, the o_lata pertaining to enthalpy of formation, not
design and simulation reliable and accurate property estimationjuzt. Ofl usual .organtlc rtnolecules but also that of a number of
methods play an important role. Enthalpy of formation of various ra S'C"’l S: T\re 'm%%r ant. for the d h h hal

species (simple molecules or complexes, ions, radicals) is one everal sources exist for the data on the gas-phase enthalpy
such important thermodynamic data. A great many chemical of formation for a large number of organic compounds at the

rocessing operations involve one or more chemical reaction standard state [ideal gas, 298 K conditions, r_eferred to in what
Eteps sucﬁ as follows asAs H°(298.15 K) or simplyAs H°]. Since the early

compilation of experimentally derived radical enthalpy of
formation data by O’Neal and Bensdihere have been other
updated compilations (e.g., refs-80). Two more recent ones
are the review by Sablier and Fdfiiand the handbook of bond
dissociation energies by LU8.It should be pointed out that
not all these reported data are obtained by direct experimental
means, being sometimes derived from other measured data,
obtained from correlations and/or by using computational

A+B=C+D 1)

Associated enthalpy of reactigiH) determines the provision

to remove or supply heat so as to maintain the desired reaction
temperature. Enthalpy of reaction, in turn, can be calculated
knowing the enthalpy of formation of the various reactant and

the product species participating in the reaction. methods. Nonetheless a sizable fraction of the data can be traced

In the context of understanding the nature of complex to experimental measurements using various kinetic or mass
chemical processes such as oxidation and combustion or thes ect‘:ometric methods. Another congenient data source is the
atmospheric pollution chemistry, detailed kinetic mo#élsave P )

been constructed. These models are comprised of elementar)llntemEt site NIST Chemistry WebBobkthat provides a wealth

reactions involving both molecular and radical species. Though g{a%:&gg?sﬁa;heerer?]?ﬁglem'g?lfgrrr?]‘;figfSfodrartnaols:;:;s:t:;izrd
not of comparable richness of details and complexity, for gas-p Py P ’

commercially important liquid-phase oxidation processes such racljjl(éaslsi,tea?f?elc;?(&andin availability of the experimental data
as cyclohexane oxidation, free radical-based reaction networks P P 9 Yy P !

are being consideréd for modeling purposes in preference to the datab_ase_for the enth_alpy of format|o_n of the radicals,
however, is still far from being comprehensive. The chance of
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case of the molecules. For instance, in connection with an of the recently available data compilations referred to above.
attempt to calculate the enthalpy changes for various elementaryApart from predicting unmeasured properties for radical species
reaction steps in the reaction mechanism postulated for theof interest, the estimates can also be used to cross check the

decomposition of cumene hydroperoxide andtedi-butyl reasonableness of the published data.

peroxide, one comes across a number of free radicals for which  Although the database of GAVs for applying Benson's GA

no data were reported. method to molecules is quite extensive, this is not the case with
Various group-additivity (GA) methods are availadié® for the free radical species. Estimation of radical enthalpy of

estimating enthalpies of formation of molecules. An alternative formation has often been limited in the past due to nonavail-
bond-additivity method and the so-called difference method are ability of reliable values of many required GAVs. In this work,
also availabl® for the same purpose. The group-additivity We aim to show that the estimates of enthalpy of formation of
method developed by Benson and co-work&tsis probably a fairly large number of alkyl and oxygen-containing radicals
among the most suited for routine practical use considering the that we obtained by the GA method are reliable and within the
demonstrated applicability to a large number of compounds andusual experimental error limit. This has been contingent upon
the accuracy of the prediction. In this method, a group is defined our being able to devise simple methodologies to evaluate the
as “a polyvalent atom (ligancy 2) in a molecule together with ~ GAVs for a number_ of unknown groups and to re-evall_Jate others
all of its ligands”. A group is written as %(A)i(B);(C)(D)i for some of the existing groups. Similar methodologies can be
where X is the central atom attacheditd atoms,j B atoms, extended to other radicals. Finally, we use some of these newly
etc. The groups and the associated contributions or the so-callecevaluated groups to estimate the enthalpy of formation for a
group-additivity values (GAVs) in the case of molecules have number of radicals involved in the elementary reaction steps in
been estimated exhaustively. BenSdater tabulated GAVs for ~ the mechanism of a typical decomposition reaction cited in the
37 hydrocarbon groups, 61 oxygen-containing groups, 59 literature. This allowed the prediction of enthalpy changes
nitrogen-containing groups, 46 halogen-containing groups, 53 associated with the overall reaction.
sulfur-containing groups, 57 organometallic groups, and 65 ) . .
organophosporous and organoboron groups. In addition, thereEStimation of GAVs for the Radical Groups for the
are corrections for nonbonded interactions that are somewhatB€nson GA Method: Previous Work
empirically established. These were later updated by Cohen and O’Neal and Benschpresented a general discussion on the
Benson'® free radical thermochemistry, reviewing the various experimental
A much simpler method based on bond additivities, while techniques for measurement as well as the GA-based estimation
not nearly as accurate as the GA method, can be of use in themethod for predicting the thermochemical properties. They
estimation of properties of molecules possessing unusual groupgpresented GAVs for 45 radical groups. Some of these values
whose values have not yet been determined. Cohen and Benson were revised or updated in Benson’s seminal wdHermo-
illustrated the method by deriving the bond-additivity values chemical Kinetic3® As stated in the review by Cohen and
(BAVs) for enthalpy of formation for the €H, C—C, C-0, Bensont® most of these GAVs have not been systematically
and O-H bonds. It should be stressed that these values are notrevised since then except for some sporadic atteAipts.
the same as the bond dissociation energy of the respective bondskecently, Lué? has provided a more extended listing of GAVs
However, the method is not reliable in case of heavy branching. pertinent to C/H, O/C/H, and N/C/H/O radicals, which included
Also, in view of the limited availability of the data on BAVs, anumber of updates by Cotféand several new ones presented
this method has not seen much application. by the author without mentioning how these were obtained.

An estimation procedure that uses bond dissociation energy ~On a careful perusal of these GAVs, one becomes aware that
(BDE) values and sometimes offers a more accurate estimating® humber of them are probably mere assignments to the values
scheme is the difference method (DM). This is most useful when for the corresponding molecular group values. There are some
one knows the enthalpy of formation of a molecule structurally 9roups especially pertinent to the oxygen-containing radicals,

very similar to that in which one is interested. Coffehad such as G-(0)(C) for which this may result in incorrect
demonstrated the use of th|s method for estlmat|ngAhH° enthalpy Of fOI’matlon Va|ueS. The GAV estimation methOd
of certain alkyl radicals. based on the experimental BDE data is a valid (though an

indirect) one, except that one should be aware that there are
variations in the BDE valué$ for the same class of bond
occurring in different compounds having different neighboring
atoms in varying bond combinations. Thus there is apparently
a scope and a need to evaluate some of these groups indepen-
dently.

The GAVs for free radicals, in the work of Benson and co-
workerd'1®> were based on a minimum set of then well-
established experimental data. In view of more recent and
extensive compilations of radical enthalpy of formation daté,

a direct estimation of the GAVs seem quite feasible.

Constantinou and Galfipresented a new group contribution
approach to calculate various properties of pure compounds
including enthalpy of formation by using the so-called first-
and second-order group contributions. They compared their
method with Benson’s (GA) method and have claimed only a
marginal improvement in accuracy in predicted enthalpy of
formation of molecules over the GA method (older group-
additivity valued” seem to have been used in the above
comparison). Moreover, applicability of this method to a wide
variety of species, especially radicals with which we will be

mTlnlﬁ'concerned'wnh w;thlz p;aper, has not. an testedl. Dilling 23 observed (and tested for about 90 odd data sets) an
nt fISI conte>§[, It was heC| eh t%systerpatg:z y re-hevda ;Jate apparently linear correlation between the differences in Benson’s
a useful procedure such as the Benson’'s method for a5 avs for the free radicah\ H°, namely,{[C*—(X)(Y)(2)] —

consistent and wider applicability to the estimation/gfH°® —(H)(Y)(Z for th | lecul —(H)(X)-
for radicals. Unlike in the case of the molecular species for Es)(z()] )(_ )[g:z](}Hi?s)(;r)]t} ee:(i)?;igerg%se?‘gllef\fvi' (HX)
which the estimates by the GA method have been compared ' '
extensively with a large number of experimental ddtd,no . . B
such systematic comparison seems to have been made fofC (X)) — [C*=(H)(V)(2)] = slopex _

radicals. This can, at least partially, be remedied now in view {IC=H)A(Y)()] — [C=(H)(Y)D)]} + intercept (2)



Journal of Chemical and Engineering Data, Vol. 51, No. 4, 2006471

Table 1. Corresponding Groups Required To Calculate the GAVs for the Unknown Radical-Centered Alkyl Groups

unknown group (XM [C—(HM(2)] [C-HK)IM) [C-(H)AY)(2)]
C—(C)(H). C—(C)(H)(H) C—(H)(H)(H) C—(H)(C)(H)(H) C—(H)(H)(H)(H)
C—(Cr(H) C—(CO)(C)(H) C—(H)(C)(H) C=(H)(C)C)(H) C-(H)(H)(C)(H)
C—=(C)s C=(O)NC)(C) C—(H)(C)(C) C-(H)(C)(C)(C) C-(H)(H)(C)(C)

where the terms in square brackets denote GAVs for the formation data for the following chosen set of radicals, namely,
enclosed radical or the molecular groups (in the units of methyl, ethyl, isopropyl,n-propyl, secbutyl, tert-butyl, and
kJ-mol~1). The slope (dimensionless) has a mean value 0.857 neopentyl (to be referred to henceforth, for the sake of brevity,
and a standard deviation 0.031 while the intercept has a meanas the basis radicals). They formed seven equations to calculate
value of —19.41 kdmol™! and a standard deviation 2.59 the GAVs:athroughg. But, as pointed out therein, only six of
kJ-mol~L. That is, replacing H atom ligand in a radical with these seven equations are linearly independent. So one of the
some other ligand, X, is energetically almost equivalent to seven group values had to be assigned arbitrarily. They assigned
replacing one of two H ligands in a molecule with the same X C—(C*)(H); = C—(C)(H); and based on this assumption
ligand. X could be any among the following: CgCCqy, C, estimated the other six group values using the remaining
CN, CO, Br, CI, F, I, NO, O, Si, and Y; Z H or the same X equations.
atoms or groups except Si. In general, many more group values To overcome the problem of insufficient equations to evaluate
are known for the molecular species than for the radicals, andthe GAVs, we have devised in this work a new methodology
the chances of knowing group values for simpler radicals are that does not require the arbitrary assumption that the earlier
better than for complex radicals. This provided a way to estimate workers had made. Noting that Dilli§ observed a good
unknown radical group values when three other group values correlation among pairs of radical-centered groups we decided
in the above correlation were known. It was used to derive new to use the same to calculate the GAVs for the three radical-
GAVs for some three-dozen groups not previously evaluated. centered groups, namelg, b, andc. These three having been
However, no comparisons with the experimental data were calculated by three independent equations, for the remaining
provided so that the utility and/or limitation, if any, of this  four radical-adjacent groups we formulated four equations using
apparently useful correlation have not been examined. the A¢ H° value for four chosen basis radicals. The latter step
In what follows, we shall demonstrate simple methodologies, was carried out in two ways. In the first case, we chose the
which are essentially derived from this prior art for consistent same basis radicals as those used in CB92, while in the other
evaluation of the GAVs. The latter will then be used to estimate case we have replaced two radicals used earlier by two new
the enthalpy of formation for a number of alkyl and oxygen- basis radicals. The data we have used here are obtained with
containing radicals. The estimated values will be compared with different techniques (mostly mass spectrometric) and presumably

the reported data. have less reported uncertainty than the data used in the earlier
evaluation.

New Methodologies for the Evaluation of the Radical Estimation of the Radical-Centered GAVs by Dilling’s

GAVs Correlation. The three radical-centered groups can be evaluated

based on experimental values ofH° for an alkane, the
corresponding alkyl radical and the pertinent molecular group
values, if required. For instance, to calculate the GAV of C
(C)(H)2, we set

Alkyl Radicals. There are two classes of radical groups:
radical-centered groups such as*{QC)(H),] and radical-
adjacent groups such as{@C*)(H)3]. Every radical with more
than one group contains one of the former and at least one of . .
the latter groups. Vis-&is the alkyl radicals there are a total of [C=M@)] —~ [C=(C)H)(H)] =a
seven groups out of which three are radical-centered and four
are radical-adjacent ones. The GAVs for the seven groups are [C'—(H)(Y)(Z)] — [C"—(H)(H)(H)] = 146.56 kdmol *
defined as:

o [C=H))MW))] —
a=[C=(C)(H),] [C—(H)(C)(H)(H)] = —41.84 kdmol *°

P C O] [C~(H)AV)(@)] — [C~(H)(H)(H)] = ~74.87 kimol *2

¢=[C=(C) Then substituting above four values in eq 2, we calculaed
and a similar procedure was followed to calculagndc. Table
d=[C—(C)(H)4] 1 shows the radical-centered groups and the three corresponding
groups required to calculate the GAVs.
e=[C—(C)(C)(H),] Estimation of the Radical-Adjacent GAVsThe four equa-

tions for the radical-adjacent groups were formulated taking

isobutyl (i-Bu),n-propy! (n-Pr) tert-butyl (t-Bu), and neopentyl

(neo-Pn) as the basis radicals. Table 2 shows that the precision

in the data for the basis radicals in present work is better than
g=[C—(C)(C)] in the earlier work while the values themselves are almost

identical. For the same reason, for t-Bu we chose a value used
Cohen and Bensdn[in the interest of brevity this reference  earlier by Benson and co-workers (quoted by CéReand
will be denoted in future citations as CB92] had recalculated which also appears in the latest compilatiomeH® data based
the above seven GAVs based on the experimental enthalpy ofon mass spectrometty.

f=[C—(C)(C)(H)]
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Table 2. Comparison of Experimental Enthalpy of Formation (A; H°) Data for the Basis Radicals Used by Benson and Co-workers and Those
Used in the Present Work for Estimation of the GAVs for the Alkyl Groups

Benson'’s data data used in the present work
AfH° precision &) A H° precision &)
radical kdmol* ref kJFmol~t kJmol~* ref kJFmol—t
methyl 146.86 15 0.63 146.56 38 0.38
ethyl 118.83 15 2.09
n-propyl 97.91 15 4.18 94.98 39 1.67
isopropyl 87.86 15 4.18
isobutyl 66.94 15 4.18 66.11 39 1.25
secbutyl 66.94 15 4.18
tert-butyl 46.02 15 6.28 39.75 39 0.84
neopentyl 38.49 15 4.18 42.26 39 1.25
spiropentyl 380.45 10 3.99
cyclopentyl 107.03 12,40 251
average 3.74 1.70
Table 3. Comparison of GAVs for the Alkyl Radicals Table 4. Experimental Enthalpy of Formation (A H®) Data for the
Oxygen-Containing Basis Radicals
present work
Cohen and Benséh old basis new basis AiH®  precision()
group GAV/(JmolY)  GAV/(kImolY) GAV/(kJ-mol-Y) no. radical kamol™  kJmol™ ref
__ 1 hydroxy methyl (CH,OH) —-17.78 1.26 41
{g—gg((HH)ﬂ 10007 oo oo 2 propenoyl (HE=CHC(O)) 24142 837 42
Co (O 2 171'54 143.87 143.87 3 2-hydroxy propyl (CH,CHOHCH;) —96.23 12.55 43
[C_ (C)3]H e eved By 4 hydroxytertbutyl (CH,C(OH)(CHy),) —147.28 1255 43
[C—(C)(H)d] : : : 5  1-hydroxy 2-propyl (CHC'HCH,OH) —78.66  12.55 43
[C—(C)(C)(H)J] —20.92 —18.63 —17.40 6 *CH,C(O)OH —257.73 12.55 43
[C—(C)C)(H)] —10.04 —5.65 —5.65 7 CHC(O)O —216.31 1255 43
[C—(C)(C)] 3.35 12.34 20.04 8  vinyloxy (CH=CHO) 0.84 837 44
. . . 9  methoxy methyl (CHOCH>) —11.69 5.00 8
The four equations for the radical-adjacent groups are 10 CHO(CO) —168.91 4.00 43
11 GHs(CO) 109.13 8.00 8
= o(t — 12 phenoxy (€Hs0O") 47.66 8
d [AfH (t Bu) C]/S (3) 13 °*CH,CHO 10.49 9.19 37
14 CH;C(O)CHCH; —70.25 7.10 8
e= A;H°(n-Pr)— a— [C—(C)(H),] 4) 15 GgHsC(O)OCH; —69.85 8.37 8
16 *CH,C(O)CHs —50.21 6.28 44
o 17 pimethoxy methyl (CED),C'H —184.93 8.37 42
f=A¢H°(i-Bu) — a— 2[C—(C)(H)3] (5) 18 1-hydroxy ethyl (CHC'HOH) —63.55 418 8
19 CH=CHCHOH 0.0 8
g — Af Ho(neO_Pn)_ a— 3[C_(C)(H)3] (6) 20 (CH3)2C OH —111.21 4.60 8

In egs 3 to 6, a term like [€(C)(H)s] denotes the GAV for the sca_rcity of experimental data for enthalpies of fqrmatior_1 o_f these
C—(C)(H)s group. With these equations, we calculated the radicals, Benson’s GA method .can.t.)e useful in p_redlctlng the
GAVs for the radical groups throughg. same. However, thg Iagk of availability of the pertinent GAVs
Now in a bid to broad base the basis radicals we replaced has limited the application of the method to only a few cases.
two of them, namely, the-propyl and the neopentyl by two Bensc_)n_and Shaﬁﬂ/had originally assigned values to six oxygen-
new radicals involving ring structures (i.e., cyclopentyl (cy- contangl)ng radical groups. These were later revised and up-
Pn) and spiropentyl (sp-Pn)) never used before in GAV dated: Wl_th the ad_dltlon of t_hree more groups containing th_e
evaluation. Equations fod and f remain the same, and the carbonyl ligand. Given the |ncreasmg_a_va|lab||!ty of experi-
equations to calculate andg are as follow: mental A; H® data on the oxygen-containing rao!mals over the
years? 12 there seems to be a scope for evaluating new GAVSs.
e={AH°(cy-Pn)— b — 2[C—(C),(H),] — In this work, we distinguish two different categories of
oxygen-containing radicals. The first involves the oxygenated
alkyl radicals, namely, those resulting from the-B bond
g= A;H°(sp-Pn)— b — e — 2[C—(C),(H),] — breaking from alcohols, ketones, etc. as well as the alkoxy and
phenoxy radicals that arise from the-® bond breaking in
alcohols and phenols. The second category mainly consists of
All molecular GAVs required in these equations are taken from the alkoxy and peroxy radicals arising from the hydroperoxides
CB92. The GAVsa throughg newly evaluated in the present (i.e., by breaking the (ROOH) or the (ROG-H) bonds).
work using both the old and the new set of basis radicals are GAVs Pertinent to Radicals Arising from the €H Bond

(cyclopentane_correctiofR (7)

(spiropentane_correction) (8)

tabulated in Table 3. Breaking from Alcohols, Ketones, etc. and the-@4 Bond
In the Results and Discussion section, we will use both these Breaking in Alcohols and PhenolsFrom the published data
new sets of GAVs and those given in CB92 to predigH® of the oxygen-containing radicals!! we identified a list of 22

for a large number of alkyl radicals for which this property has groups for the application of the GA method, for many of which
been reported by one or more research groups. The predictedhe GAVs have not been estimated previously. In this work we
and the reported values will be compared. proceeded to evaluate these.

Oxygen-Containing RadicalsOxygen-containing free radi- Out of these 22 groups listed in Table 6, it is possible to
cals mainly result from alcohols, ketones, aldehydes, ethers, andevaluate the GAVs for nine of them from independent equations
esters and also from hydroperoxides and peroxides. Due to thebased on nine experimental data points since these equations
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Table 5. Corresponding Groups Required To Calculate Unknown Radical-Centered Oxygen-Containing Groups

group [C=(X)(Y)(D)] [C—=(HM@)] [C—(H)X)(M)(D)] [C —(H)AY)(2)]
C—(O)(H): C—=(O)(H)(H) C—(H)(H)(H) C—(H)(O)(H)(H) C—(H)(H)(H)(H)
C—(C)(H)(©O) C—(C)(H)(0) C—(H)(H)(O) C-(H)(C)(H)(O) C—(H)(H)(H)(O)
C—(Cd)(H)(O) C—(Cd)(H)(0) C—(H)(H)(O) C—(H)(Cd)(H)(O) C-(H)(H)(H)(O)
C—(C)(0) C—(C)(©)(©O) C—(H)(C)(O) C=(H)(C)(C)(0) C-(H)(H)(C)(0)
C—(CO)(H)x C—(CO)(H)(H) C—(H)(H)(H) C—(H)(CO)(H)(H) C=(H)(H)(H)(H)
C—(C)(H)(CO) C—(C)(H)(CO) C—(H)(H)(CO) C—(H)(C)(H)(CO) C-(H)(H)(H)(CO)
C—(H)(0): C=(0)O)H) C—(H)(O)(H) C-(H)(O)(O)(H) C=(H)(H)(O)(H)
Table‘6. GAVs for the Radical Groups Arising from the C—H B_ond Approach 1.In this approach, we divided these 13 groups
Bfef’I‘k”Lg Iffom A'g"ho'sv Ketqf’;esv etc. and thﬁ ©-H Bond Breaking (G10 to G22) into two categories, namely, the radical-centered
in Alcohols Based on Two Different Approaches groups and the radical-adjacent groups. For the seven radical-
GAV/(kJ'mol™) centered groups (G10 to G16), we used Dilling’s correlation
group approach 1 approach 2 (eq 2) as we did in the case of the alkyl radicals. For the
G1 C—(C)(H)2(0) —39.55 3955 remaining six radical-adjacent groups, we formulated equations
gé g*B(_C(g(_)C)z(O) 722'?3 72223 based on the experimental data and used GAVs of already
; = = evaluated radical groups. The molecular GAVS, as usual, were
8;‘ 8%.?(,)}{22;)(0) _121‘_';‘; _1;11:2; taken from CB92. For instance, to calculate the GAV for-C
G6 CB-(CO 40.30 40.30 (O)(H), we set
G7 O-(CO)(C) —-127.07 —-127.07
o e e it [C=()(M(@)] — [C—(O)(H)(H)] = G10
G10 C—(C)(H)(0) 142.84 117.40 B
G11 C—(O)(H) 155.44 128.47 [C—(H)(Y)(2)] — [C"—(H)(H)(H)] = 146.56 kdmol * 3®
G12 C—(Cd)(H)(0) 147.14 84.08
PR < v toea 1948 [C=(HAM@)] — [C~(H)O)H)(H)] — 41.84 kimol* *°
G15 C—(CO)(H)(C) 153.24 138.93 i1a
G16 C—(H)(O) 112.00 95.39 [C—(H),(Y)(2)] — [C—(H)(H)(H)(H)] = —74.87 kdmol
G17 0-(C’)(C) —125.30 —98.32
gig ggggggg)) :i‘;g:gi :gsgg Then substituting the above four values. in. eg 2, we calculated
G20 CO-(C)(H) —144.95 —113.77 the GAV for the group G10, and a similar procedure was
G21 O-(C")(CO) —156.47 —129.49 followed for the groups G11 to G16 by forming seven
G22 O-(C")(H) —-173.22 —146.25

independent equations. Table 5 shows the radical-centered
. groups and the corresponding groups required to calculate their
have only one unknown group. For these equations, we have, g es.

chosen the experimental values with minimum uncertainty in  Next we formulated the equations for the six radical-adjacent

terms of the quoted deviation from the mean value. The basis groups (G17 to G22) based on the experimental data (as reported
radicals used to calculate the GAVs are tabulated in Table 4: iy the Table 4) as follows:

G1= AH°(CH,C'HCH,0H) — d — b — [O—(C)(H)] (9) G17= A;H*(CH,0CH,) — [C—(O)(H)]] — G11 (18)
G2= A;H°("CH,C(OH)(CH;),) — 2[C—(C)(H)s] —a— G18= A;H°(CH,C(O)CHCH,) — [C—(CO)(H)]] —

[O—(C)(H)] (10) d— G15 (19)

G3= ArH(CeH;0) — S[CB—(H)] (11) G19= A;H°('CH,C(0)OH) — [0—(CO)(H)] - G14  (20)

G4 = A;H°(CH,C(0O)J) — [C—(CO)(H 12
H(CHC(0)0) ~[C(CO)HE  (12) G20= A;H°("CH,CHO) — G14 (21)
G5= A;H°("CH,CHOHCH,) — [C—(C)(H)j] —a—
. [CB—(CO)] — [CO—(CB)(0)] — G11 (22)
G6 = A;H°(CzH5(COY) — 5[CB—(H)] (14)
G22= A{H°("CH,OH) — G11 23
G7= A;H°(CH;O0(COJ) — [C—(O)(H)4] (15) tH*(CHOH) (23)
The GAVs for G10 through G22 are then tabulated in Table 6.
We have also used another approach to calculate these GAVs
- ° _ o _ as described below.
G9=AH (H,L=CHO) — [Cd—(H).] (7 Approach 2.In this approach, we do not make any distinction
) . . between the radical-centered and the radical-adjacent groups.
Each of the above set of nine equations (egs 9 to 17) containsyere we formulated 13 equations for the 13 groups G10 to G22
only one unknown group. The calculated GAVs for these groups ysing the reported experimental data. But the problem in doing
from G1 through G9 are presented in Table 6. The remaining so is that two of these equations are not linearly independent.
groups in the equations are the known Benson’s molecular To overcome this problem, we have made an assumption similar
groups (CB92) and the updated alkyl groupsq g) evaluated  to what Cohen and Bensbndid in their re-evaluation of the
in this paper. Once these nine groups G1 through G9 becameGAVs for the alkyl radicals. Assuming that GE [0O—(C°)-
known, we took either one of the two following approaches to (C)] = [O—(C),] = —98.32 kdmol~! and G18= [CO—(C")-
calculate the remaining 13 groups (i.e., G10 through G22). (C)] = [CO—(C);] = —132.63 kdmol™%, the other 11 GAVs

G8= A H°(H,C=CH(CO)) — [Cd—(H)] (16)
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can be calculated from the experimemiaH® data for the basis
radicals. The relationships are as follows:

G11= AH°(CH,OC H,) — [C—(O)(H)]] — G17 (24)
G22= A H°('CH,OH) — G11 (25)
G10= A,H°(CH,C'HOH) — d — G22 (26)

G12= A;H°(CH,~CHCHOH) — [Cd—(H),] —

[Cd—(C)(H)] — G22 (27)
G13= A, H°((CH,),C'OH) — 2d — G22 (28)

G16= A, H°((CH;0),C’H) — 2[C—(O)(H)] — 2 x G17

(29)

G15= A H*(CH,C(O)CHCH,) — [C—(CO)(H),] —
d— G18 (30)
G14= A, H°('CH,C(0)CH,) — [C—(CO)(H)] — G18 (31)
G19= A,H°('CH,C(0)OH)— [0—(CO)(H)] — G14  (32)

G21= A, H°(C;H:C(O)OCH,) — 5[CB—(H)] —
[CB—(CO)] — [CO—(CB)(0)] — G11 (33)

G20= A;H°('CH,CHO) — G14 (34)

formation of this radical are as follows:
[CB—(H)] = (5) x {13.7% = 68.85 kdmol*
[CB—(C)] = (1) x {22.9% = 22.97 kdmol *
[C—(C)(H)g] = (2) x {—41.84 = —83.68 kdmol *
[C—(CB)(CL(0)] = (1) x {G23 = G23 kdmol ™

The sum of the above four group contributions should be equal
to 71.13 kdmol~. The number included within the curly bracket
is the GAV of a group (molecular ones as per CB92), and that
appearing within the parenthesis is the frequency of its occur-
rence in the radical. G23 is the only unknown parameter in this
relationship. Hence

G23= [C—(CB)(C),(O")] = 62.99 kdmol*

2. [0—(0O")(C)] = G24.This group is an ubiquitous one that
occurs in the peroxy radical groups (RQ@ssociated with a
number of alkyl and benzylic RG24 can be calculated from
the reported bond dissociation energy(ROO—H), for break-
ing the (ROG-H) bond that dissociates (taking benzyl hydro-
peroxide as an example) as

C4HsC(Hy)OOH— CH.C(H,)00" + H’

Taking D°(ROO-H) as 363.17 kinol™! as reported by
Jonssort? we could calculate the\s H° of the corresponding
ROCO (benzyl peroxy) radical. In doing s@¢H° for benzyl

Equations 24 to 34 along with the two assignments for G17 hydroperoxide was calculated by Benson’s group contribution
and G18 evaluated the GAVs for the groups G10 through G16 method (as no experimental data are available) using the known
and G19 through G22. These values are also listed in Table 6.molecular groups. That for the hydrogen radical was taken to

The GAVs obtained by these two approaches were used tobe 217.99 kdmol=1,24i.e.

predict the enthalpies of formation of a number of oxygen-

containing radicals. Comparison of the predicted values with A;H°(ROO) = D°(ROO—H) — A;H°(H") + A;H° (ROOH)

the AsH° data reported by different research groups will be made

under the Results and Discussion section.

GAVs Pertinent to (the Alkoxy and Peroxy) Radicals Arising
from Breaking of the (ROG-OH) and the (ROG-H) Bonds in
Hydroperoxides.Some of the groups required in this context

were the first few oxygen-containing radical groups, such as

0O—(0r)(C), evaluated by Benson and Sh&Wwrlhe procedure
adopted for calculating the GAVs for this subcategory of the
oxygen-containing radical groups is different from that used

above and is based on the data on BDE for the ROOH bond

breaking reaction oa; H® for the corresponding R@r ROO

radical. While published data in the literature are sometimes
indirectly derived ones (sometimes even estimated ones), we
have tried to use published experimental data as far as possible.

The following radical groups will be considered for illustrating
the procedure:

1. [C—(CB)(C),(0")] = G23
2.[0—(0")(C)] = G24
3.[0—(0)(CO)] = G25

1. [C—(CB)(C)(O)] = G23. This group occurs in the
cumyloxy radical, which is typical of the substituted benzyloxy
(RO) radicals. The required GAV can be back-calculated from
the known value ofA;H® for the said radical (i.e., §1sC-
(CH3).O*, which has been report€das 71.13 kdnol™?).

= (363.17— 217.99— 29.12) kdmol *

=116.06 kdmol™*

It is to be noted thatA;H° for this ROO group has been
independently reported as 114.64rkdl~1,¢ which is indeed
very close to the calculated value. This provides at least a partial
justification for the above procedure. Now using this value, we
back-calculated the GAV for the unknown group (i.e., G24).
For the benzyl peroxy radical, th&; H® calculation could be
set up as follows:

[CB—(H)] = (5) x {13.7% = 68.85 kdmol *
[CB—(C)] = (1) x {22.9% = 22.97 kdmol*
[C—(CB)(H),(0)] = (1) x {—33.83 = —33.89 kdmol *
[0—(O")(C)] = (1) x {G24 = G24 k3mol*

The sum of the above four group contributions should be equal
to 116.06 kdmol~t. Given the values for the other known
molecular groups, G24 is the only unknown parameter in this
relationship. This leads to

G24=[0—(0")(C)] = 58.13 kdmol *
It should be noted that Benson and SRagave this group

Contributions by various constituent groups to the enthalpy of value as 75.31 kihol™! based orD°(ROO—H) ~ D°(HOO—
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Table 7. GAVs for the (Alkoxy and Hydroperoxy) Radicals Arising (as compiled in these two sources) have been considered. Also,
from Breaking of the (RO—OH) and the (ROO—H) Bonds in the specificAs H° data used for the basis radicals (listed in Table
Hydroperoxides 2) in order to evaluate the GAVs by a particular approach (old
group GAV/(kmol™) basis or new basis) were excluded for the comparison of results
G23 C—(CB)(C)(O) 62.99 obtained by the same approach. This is signified by a blank
G24 0-(0)(C) 51.04 cell in Tables 8 and 9A is defined as the absolute difference
G25 0-(O)(CO) 2063 between the mean experimental value and the calculated one.
H) = 376.56 kdmol 2. As we shall see in light of the arguments It can be inferred from Tables 8 and 9 that the average

presented under the Results and Discussion section, the G24bsolute numerical differencé\) obtained with the updated
value may require a further modification. The recommended GAVs (using either the old or the new set of basis radicals) is

value is 51.04 kdnolL. comparable to the usual range of experimental precision of 4.2
3. [0—(0")(CO)] = G25. Consider the dissociation of t0 6.3 kdmol™*in the measured\H° data. Moreover, using
methaneperoxycarboxylic acid: either basis set, the predictetk H® is closer to the mean
experimental value, on the average, than obtained by using the
CH,C(O)OOH— CH,C(0)O0 + H* GAVs in CB92 and is characterized by a lower standard

deviation ¢ 4.7 for the old basis andt 4.4 for the new basis
D°(ROO—-H) has been reported to be 386.18rkdl~1.4> Using as againstt 5.5 for the CB92 basis). It can also be shown that
this value, we calculated th&; H° of ROC radical from that the experimental versus predicted parity plots obtained with data
of the parent compound (ROOH)336.69 kdmol~! (again using the GAVs from this work have as high a correlation
calculated by Benson’s group contribution procedure as no coefficient (0.97) as obtained with the CB92 GAVs but with
experimental data are available) and of the hydrogen radical less offset from the 45line. It may be added that, in the latest
(217.99 kdmol™): compilation of the GAVs by Lud? the same values as reported
in CB92 have been reproduced.
AH°(ROO) = D°(ROO-H) — A{H°(H") + A{H°(ROOH) On the whole, it may be remarked that while the Benson
GAVs gave comparable results for smaller and simpler alky!
= (386.18— 217.99— 336.69) kdmol * radicals up to, say, butyl radical, for radicals with higher carbon
numbers as well as branching (say, 2-pentyl, 2-hexyl, 2-methyl-
= —168.50 kdmol* 2-pentyl, 2-methyl-2-hexyl) and also for cycloalkyl radicals (e.g.,
. , cyclobutyl, cyclopentyl, and cyclohexyl), the new GAVs (with
The corresponding reported vafties —171.96 k3T°|71' Now, old basis) gave much better results. Further results\o°
for the ROO radical, group assignment for theH® calculation ¢4 higher and heavily branched alkyl radicals will be presented
can be made as it was done for G24. From the relatlonsh|pshort|y_

involving the known molecular GAVs and value fady H°- - .
" Validity of the Newly Estimated GAVs for the Oxygen-
gzoc)), the only unknown group [S(0)(CO)] was evaluated Containing Radical GroupsThe comparison of the predicted
enthalpies of formation of oxygen-containing free radicals using
G25= [0—(O)(COY = 20.63 kimol - the new GAVs (see Tables 6) with the ex.perlmental datq from
[0-(O)(CO) mo two different sources as above are shown in Table 10. Additional

The GAVs for groups G23 through G25 as calculated above GAVs for the pertinent alkyl radicals (old basis), as required,

are listed in Table 7. were taken from the present work. GAVs for the molecular
groups, if any, were taken from CB92. The same comments
Results and Discussion about the nature and the limitation of the data, as well as the

validity of the Newly Estimated GAVs for the Alkyl Radical choice of multiple data_ for some radicals, as made above with
Groups.Table 8 compares the predicted values/ApH® for a regard to the alkyl radicals equally apply.
number of alkyl radicals calculated by using the GAVs listed ~ Table 10 clearly shows that the GAVs obtained by both
in CB92 and the two new sets of GAVs obtained in this work approaches allow fairly accurate prediction of the pertinent
(see Table 3) against experimental data from one compilation. radicalAsH® values (within the nomally expected precision of
In Table 9, similar comparisons are made against the data frommeasured data such as 4.2 to 6.3mdl"*) with approach 2
the CRC HandbooR® Most of the data reported in these two 9giving slightly better results than approach 1.
compilations are based on experimental measurements involving It may be noted that out of the 22 oxygen-containing groups
either various mass spectrometric techniques or the kinetic considered in this work, GAVs for the groups G16{qH)-
methods. However, it will be well to be aware that a small (O)] and G19 [CO-(C*)(O)] have not appeared in the latest
number of data (especially reported in tBRC Handbookmay compilation by Luc'? thus being reported for the first time.
be indirectly derived, estimated, or evaluated otherwise. Given For 13 groups, namely, G1 through G9, G17, G18, G20, and
the GAV estimates provided in this work, it was our purpose G21, the values reported by L¥din his Table 11.4.2) are same
to be able to estimat&r H® for as many radicals as are normally as those of the corresponding molecular groups as listed in
listed in accessible and standard compilations and compare theCB92. For instance, for the group G1 {QC*)(H)2(0O)], the
predictions against the reported values. Once the primary GAV reported by Lué? is —33.89 kdmol~2, which happens to
validation is done here, one would be free to test the validity be the same as the one reported for the molecular grotfqiz
and efficacy of the proposed GAVs against more unimpeachable(H),(O)] in CB92. Similarly, for G8 [Cd-(CO)(H)], the GAV
and varied primary data sources and update them if necessaryeported? is 20.92 kdmol~1, which is the same as reported in
in the future. CB92 for the group [Ce&(CO)(H)]. The groups for which the

It should be pointed out with reference to the results presentedGAVs seem to have been evaluated earlier are only seven, two
in these tables that, for some radicals, multiple data (with varying of them (namely, G12 and G22) by Coléand the remaining
quoted precision) sourced from a number of original publications five (G10, G11, G13, G14, and G15) by Lifpresumably from
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Table 8. Comparison of PredictedA¢H° of Alkyl Radicals with the Experimental Datal!

this work this work
Benson’s work old basis new basis
exptAsH® precision &) calcdAsH® A2 calcdAs H° A2 calcdAfH° A2
radical kdmol~* kJmol~1 kJmol1 kJmol1 kJmol~1 kJmol~1 kJmol~* kJmol~*
ethyl 116.32 251 118.83 251 120.74 4.42 120.74 4.42
120.92 1.67 118.83 2.09 120.74 0.18 120.74 0.18
1-propy! 94.98 1.67 97.91 2.93 96.21 1.23
isopropyl 79.91 2,51 87.86 7.95 84.55 4.64 84.55 4.64
73.64 4.60 87.86 14.22 84.55 10.91 84.55 10.91
1-butyl 75.73 2,51 76.99 1.26 74.06 1.67 75.29 0.44
71.13 5.02 76.99 5.86 74.06 2.93 75.29 4.16
2-butyl 75.73 251 66.94 8.79 58.79 16.94 60.02 15.71
71.13 5.02 66.94 4.19 58.79 12.34 60.02 11.11
1-pentyl 42.26 1.26 56.07 13.81 53.14 10.88 54.37 12.11
neopentyl 42.26 1.26 38.49 3.77 49.96 7.70
2-pentyl 30.96 12.55 46.02 15.06 37.87 6.91 39.10 8.14
2-me,2-butyl 12.97 12.55 28.45 15.48 17.33 4.36 18.56 5.59
2-hexyl 12.55 12.55 25.10 12.55 16.95 4.40 18.18 5.63
2-me,2-pentyl —7.95 12.55 7.53 15.48 —3.59 4.36 —2.36 5.59
2-me,2-hexyl —27.61 12.55 —13.39 14.22 —24.51 3.10 —23.28 4.33
average 5.83 8.76 6.29 6.37
a A = absolute value (mean expk H° — calcd AsH®).
Table 9. Comparison of PredictedAs H® of Alkyl Radicals with the Experimental Data®
this work this work
Benson’s work old basis new basis
exptAf H° precision () calcdAs H° A2 calcdAs H° A2 calcdAr H° A2
radical kdmol* kJmol~t kJmol~t kJmol~t kJmol* kJmol~* kJmol~t kJmol~t
ethyl 120.82 1.59 118.83 1.99 120.74 0.08 120.74 0.08
1-propyl 97.45 2.50 97.91 0.46 94.98 247 96.21 1.24
isopropyl 89.94 1.59 87.86 2.08 84.55 5.39 84.55 5.39
neopentyl 36.38 7.99 38.49 2.11 42.26 5.88 49.97 13.59
2-me,2-butyl 32.18 6.32 28.45 3.73 17.33 14.85 18.56 13.62
spiropentyl 380.45 4.00 377.81 2.64 371.51 8.94
cyclobutyl 214.06 4.18 220.91 6.85 207.92 6.14 210.38 3.68
cyclopentyl 107.03 251 117.57 10.54 104.57 2.46
cyclohexyl 58.16 4.00 69.87 11.71 56.87 1.29 59.33 1.17
cycloheptyl 51.07 4.00 74.47 23.40 61.48 10.41 63.94 12.87
average 3.87 6.55 5.79 6.46

a A = absolute value (mean exp§ H° — calcd As H°).

the bond dissociation energy data. The reported values, thoughpf reaction is the sum of the enthalpies of formation of all
are obviously different in magnitude from the GAVs evaluated products minus the enthalpies of formation all reactants, we can
in the present work considering that these were estimated bycalculate enthalpy of formation of radical taking bond dissocia-
entirely different methods and utilizing different sources of data. tion energies (BDESs) as the enthalpy change for the relevant
Thus the GAVs for all the 22 groups taken together obtained bond dissociation. Here one estimates the enthalpies of formation
by either of the two approaches presented in this work can befor radicals by assuming that BDEs are constant for each class
seen to provide a more consistent set of values for a wider setof C—H bond: primary (420.5+ 4.2) kImol~, secondary
of oxygen-containing radical groups than reported so far. (410.54+ 6.3) kImol™1, and tertiary (398.3t 8.4) k Jmol~™.
Estimation of Enthalpies of Formation of Higher Alkyl Coher® had provided values for the enthalpies of formation
Radicals.The GAVs for the alkyl radical groups were estimated (calculated on the above basis) for a number of alkyl radicals
in this work as well as by Benson and CoHeftby using basis of this type. To test the efficacy of the GAVs estimated in this
radicals that are essentially low carbon number species. Inwork for the same purpose, we did the estimation using the
various applications, however, one is more likely to encounter two sets of GAVs (from the Table 3). It should be noted that
alkyl radicals generated from hydrocarbons with larger carbon nonbonded (gauche) corrections were applied, wherever ap-
numbers and/or those with significant branching. For such higher propriate, for the heavily branched radaicals. The results are
alkyl radicals, since experimental data are scarce, it is of interestcompared in the Table 11 with the values reported by Cohen.
to examine how well the GA method would estimate Mé1°. It appears that the GA method using the new GAVs can estimate
In the literature, apparently, there has been no such attempt. the enthalpies of these branched higher alkyl radicals almost as
One, however, comes across a rare attéhgong that line closely as the difference method (to within 4.2 k3mol=?).
but using the so-called difference method originally used by  The limitation of the difference method lies in the assumption
O’Neal and Bensofhin the context of the estimation of the other of a constant BDE value for one category of-8 bond.
thermochemical properties such as entropy and specific heat. According to Cohetf there is no certainty that this assertion is
The method is based on the following assumption: if we know true, especially for higher or more highly branched alkyl
the enthalpy of formation of parent molecule (in the present radicals. Moreover, in absence of experimental data for the
context, say, the parent alkane) then by the fact that the enthalpyparent molecules, the GA method may have to be resorted to
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Table 10. Comparison of PredictedAs H® of the Oxygen-Containing Radicals with the Experimental Data

approach 1 approach 2
exptAs H° precision ) calcdAs H° A2 calcdAr H° A2
radical kdmol* kJmol* kJmol* kJmol~* kJmol~* kJmol*
hydroxy methyl {CH,OH) —23.851 8.37 —17.78 6.07 —17.78 6.07
—24.271 12.55 —17.78 6.49 —17.78 6.49
—15.481 2.93 —17.78 2.30 —17.78 2.30
—20.501 —17.78 2.72 —17.78 2.72
—17.06° 3.30 —17.78 0.72 —17.78 0.72
1-hydroxy ethyl (CHC*HOH) —65.271 —65.09 0.18 —63.55 1.72
—74.061 8.37 —65.09 8.97 —63.55 10.51
—60.671 12.55 —65.09 4.42 —63.55 2.88
—63.55° 4.18 —65.09 1.54
2-hydroxy ethyl {CH,CH,OH) —36.401 8.37 —42.47 6.07 —42.47 6.07
—56.481 12.55 —42.47 14.01 —42.47 14.01
methoxy methyl (CHOCHy) —8.791 8.37 —11.69 2.90 —11.69 2.90
—5.441 8.37 —11.69 6.25 —11.69 6.25
1-ethyl methoxy (CHC*HOCH) —57.741 8.37 —59.00 1.26 —57.47 0.27
1,2-dihydroxy ethyl (HOCHC*HOH) —220.08* 12.55 —228.30 8.22 —226.76 6.68
1-ethoxy methyl {CH,OCH,CHs) —44.351 12.55 —45.58 1.23 —45.58 1.23
CH3;O(CO) —166.941 12.55 —168.91 1.97 —168.91 1.97
(CHs).C-OH —111.210 4.60 —115.98 4.77
CHz—CH;—O—C*H—CHjs —84.450 --- —92.89 8.44 —91.36 6.91
*CH,COCH: —50.21#1 6.28 —33.34 16.87
—23.880 10.89 —33.34 9.46
average 4.38 5.47 4.69

a A = absolute value (mean exp H° — calcd As H°).

Table 11. Comparison of PredictedAs H° for Higher Alkyl Radicals by the Present Work and the Difference Method

present work present work
difference metho®? old basis new basis
Af H°® As H° A2 Af H° A2
radical kdmol* kJmol~t kJmol* kJmol* kJmol~*

1-methyl, propyl 66.86 62.13 4.73 63.36 3.50
1-methyl, butyl 45.56 41.21 4.35 42.44 3.12
1-ethyl, propyl 4556 36.37 9.19 38.83 6.73
2-methyl, butyl 48.79 48.53 0.26 48.53 0.26
1,1-dimethyl, propyl 26.61 17.33 9.28 18.56 8.05
1,2 dimethyl, propyl 38.74 33.26 5.48 33.26 5.48
3-methyl, butyl 48.79 46.44 2.35 47.67 1.12
1-methyl, pentyl 25.36 20.29 5.07 21.52 3.84
1-ethyl, butyl 25.36 15.45 9.91 17.91 7.45
2-methyl, pentyl 27.70 27.61 0.09 27.61 0.09
1,3-dimethyl, butyl 17.66 10.25 7.41 11.48 6.18
4-methyl, pentyl 27.70 25.52 2.18 26.75 0.95
3-methyl, pentyl 30.42 28.87 1.55 30.10 0.32
1,2-dimethyl, butyl 20.38 15.69 4.69 15.69 4.69
2-ethyl, butyl 30.42 30.96 0.54 30.96 0.54
2,3-dimethyl, butyl 24.23 20.92 331 20.92 331
1,2,2-trimethyl, propyl 6.36 9.41 3.05 17.12 10.76
3,3-dimethyl, butyl 16.40 14.23 2.17 15.46 0.94
average 4.20 3.74

a A = absolute value [calcd H°® (difference method)- calcd As H° (present work)].

anyway for the latter. It has already been shown that the GA can be shown that, by following a procedure already discussed
method with the newly evaluated GAVs predigtsH® directly under the New Methodologies for Evaluation of the Radical
for moderately branched alkyl radicals up to about a carbon GAVs section and using this BDE value, G24 comes out to be
number of six fairly closely (see the lower part of Table 8). 65.81 kdmol™! in place of the 75.31 kihol™! originally
This gives one the confidence that the estimates presented imssigned by Benson and Shéiw.
Table 11 are expected to be reliable. From a more recent compilation of the bond dissociation
Prediction of Enthalpies of Formation of Peroxy Radicals.  energy data? it can be seen that for a number of RE@
The GAV for the O-(O°)(C) group (G24) is required for  compounds with varying R the experimentally measured BDE
estimatingA¢ H° of the RQ* radicals, ubiquitous in the oxidation ~ values vary by 20.9 to 29.3 kdiolL. Clearly this will be
reaction mechanisms. The estimation of the GAV was based reflected in the variation in G24 depending on the chosen BDE
on the BDE value originally assigned to the R©8 bond. value. To get a quantitative feel about this variation, we chose
Benson and Shaf assigned it to be 376.56 #dol~2, which six well-cited hydrperoxides (namely, methyl, ethyl, isopropyl,
was the same as the best available (at that time) BDE value fortert-butyl, allyl, and benzyl hydroperoxides) for which experi-
the HOO-H bond. Benson and co-workétd’revised this value mental values for both the BDE for the RG®! dissociation
in the light of more recent data as (370%®.51) kdmol™1. It and theA¢H° for the corresponding ROradicals have been
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Table 12. Evaluation of the GAV for [O(O*)(C)] Using Reported Experimental Data on BDE or A H® for a Number of Hydroperoxides

AfH°2ROOH  BDEROG-H  A{H°ROOcalcd AtH°ROOexpt  GAW[O(O)(C)  GAVE[O(O)(C)]
hydroperoxide ROOH kdnol~* kJmol~* kJmol* kJmol* kJmol* kJmol~*
CH3O0H —128.87 370.28 23.43 65.27
Do 9.20% 51.04
Do 10.390 52.22
C,HsO0H —162.76 363.1% —17.57 58.16
Do —27.20° 48.53
Do —28.03° 47.70
(CHs3),CHOOH —200.83 356.06 —62.76 51.04
Do —65.279 48.53
(CHg)sO0H —240.16 355.8 —-102.55 50.63
Do —101.67° 51.46
CH,;=CH—-CH,O0H —50.54 363.17 94.64 58.16
Do 88.702 52.22
CeHsCH,OO0OH —29.12 363.17 116.06 58.16
Do 114.646 56.73

a Calculated by Benson’s GA methatiCalculated using the values from columnc£alculated using the values from column 5.

Table 13. Comparison of the Estimated Heat of Reaction with the Experimental Data for the Reaction R+ O, — ROy* for a Number of R*
Radicals

At H°2R® At H°2ROO/kJmol~* AH° [=A; H® (ROO) — Af H° R*)[/kJ-mol~* AH°/kJmol™*
[0(O)(C)] = [0(O)(C)] = [O(O)(C)]= [0(07)(C)] =

radical R kJmol~1 56.90 kdmol~* 51.04 kdmol~* 56.90 kdmol! 51.04 kdmol~* expP

methyl 146.56 15.06 9.20 —131.50 —137.36 —135.56°
ethyl 120.75 —18.83 —24.69 —139.58 —145.44 —147.28°
isopropyl 84.55 —56.90 —62.76 —141.45 —147.32 —157.74°
tert-butyl 39.75 —96.23 —102.09 —135.98 —141.84 —153.55°
allyl 159.24 93.39 87.53 —65.86 —-71.71 —76.157

aCalculated by Benson's GA methotlExperimentally determined.

reported. In applying the standard procedure, we also requireTable 13. Except for the t-Bu radical, the match is quite good,
the A¢sH° values for the respective RGEH. In view of the thereby justifying the GAV estimated in this work. The
nonavailability of the reliable experimental values for the latter discrepancy may partly be due to theH° value (low) used

in some cases (for three of the six test compounds), we decidedhere for thetert-butyl radical itself. Clearly the lower value of
to uniformly use values estimated by the Benson GA method G24 gave a closer match with the experimental data (less
(wherever available, experimental data comes to within 4.2 absolute deviations for each radical and a closer offset from
kJ-mol~! of the estimated values). The fourth column of Table the 45 straight line parity plot). The recommended GAV for
12 lists the calculated H° values for each of the six radicals, the group [G-(O%)(C)], therefore, is 51.04 kihol* (the figure

and the fifth column holds the corresponding experimental data. that appears in Table 7). It may be noted that in the GAV
It should be noted that experimental data from a number of tabulation by Lué? the value reported for the group G24 was
sources have been assembled wherever available. —18.8 kdmol™%, which is identical to that reported in CB92

It has to be admitted that while for the isopropt@rt-butyl, for the corresponding molecular group, namely@)(C)].
allyl, and benzyl peroxy radicals the match between the This is clearly not the correct value.
experimental and the predicted values are quite good, for the Prediction of the Enthalpy Change Associated with El-
methyl and the ethyl radicals there are sizable disparities. We ementary Reaction Step3he peroxy and alkoxy radicals are
then back-calculated G24 based on both the calculated and themportant in the context of the kinetic and the mechanistic
experimentalA¢H® values in each of the six cases. These studies of liquid-phase oxidation reacticiismany of which
calculation results appear in the sixth and the seventh columnsare known to occur through formation of free radicals and short-
of Table 12. The average value of G24 based on the column 6lived intermediates (like certain hydroperoxides). The decom-
is 56.90 kdmol~! with a standard deviation of 4.98 4dol1. position of the latter in a series of elementary reaction steps
The corresponding statistics based on column 7 are 51.04and termination of the radicals through bimolecular recombina-
kJ-mol~1 and 2.72 kdmol™2, respectively. G24 calculated using tion are well-documented (e.g., in the context of cyclohexane
the direct experimentaks H° for the RQ radicals (column 7) oxidation, see refs 3 and 4). In course of thermo-kinetic hazard
is slightly lower than one back-calculated from the experimental evaluation by means of calorimetric studies of the exothermic
BDE data (column 6). More importantly, the former set is decomposition of peroxides and hydroperoxides, one comes
characterized by less variation about the mean. across similar mechanistic pathways.

Finally, since the data on the directly measured values for A useful input toward the construction of a valid reaction
the enthalpy chang&H° associated with the reaction R O, network that explains the overall reaction leading up to the
— ROy have been reporté@2° for a number of Rradicals, observed products is the enthalpy change for an elementary
we could also compare the predicted enthalpy change for thereaction step, which often involves both the molecular and the
reaction with the measured ones. The prediction was made byradical species. With such data, one can quickly estimate the
taking the difference between tidg H° values for Rand RQ* enthalpy change associated with the overall reaction (comprising
calculated on the uniform basis of Benson’s GA method. We of a number of elementary steps), which then can be tallied
did so using both the above two mean values for G24. The against the observed enthalpy of reaction data, if available. A
results of this comparative study for five radicals are shown in reaction network, producing end products identified by detailed
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Table 14. Enthalpy of Formation of Species Involved in the Proposed Mechanism of the Thermal Decomposition of Eirt-butyl Peroxide?
As H°/kJmol

compound/radical assignmehts

(CH3)sCOOC(CH)s C—(C)(H):{6} C—(C)(0){2} 0—(0)(C){2} —343.92 (-343.099
CHsCOCH C—(CO)(HR{2}  CO—(Ce{1} —216.31(218.53 0.42)
CHsCOCH,CH, C—(CO)HR{l}  CO—(Ce{1} C—(C)(H){1} C—(CO)(C)(HR{1}  —238.07 (-238.57+ 0.84)
CoHe C—(C)(H):{2} —83.68 (-83.85+ 0.29)
(CH3)sCOH C—(C)(H)s{3} C—(C)(0) {1} O—(O)(H) {1} —311.50 (312.71+ 0.88)
(CH3)2C(O)CH;(IBO) C—(C)(H)s{2} C—(Cx(0){1} O—(C{1} C—(O)(C)(HR{1} —130.96

(CHg)sCOr C—(C)(H)s{3} C—(C)(O) {1} —89.54

CHsCOCH; C—(CO)HR{l} CO—(C)C){L}  C—(CO)H){1} -50.21
(CH3)sCOOC(CH),C'H,  C—(C)(H)s {5} C—(C)(0) {1} O0—(0)(C) {2 C—(C)AC)(0) {1} —179.70

C—(C)(H)2{1}

aGAVs in bold font are the groups evaluated in the present work. Numbers in curly brackets are group freqti&xpiesmental data, taken from NIST
Chemistry WebBook3 ¢ With oxirane correction valu&,

product analysis, while resulting in a calculated overall enthalpy  For calculating the enthalpy change for each reaction step
of reaction close to the observed value (obtained by a calori- given above, we first need to calculate the enthalpy of formation
metric measurement) as well, will certainly be a good mecha- of radicals as well as molecules involved in the mechanism.
nistic candidate for further consideration. In what follows, we From the last column of Table 14, one can see that except for

demonstrate the calculation of the overall enthalpy change thata few well-known molecules experimenta} H® data are not

could take place during the thermal decomposition ofedi-
butyl peroxide (DTBP).

The thermal decomposition of DTBP is probably one of the

best-studied reactions in chemical kinetics (and is therefore

useful for calibrating calorimeters, especially in the temperature
range of 120 to 200C). Keeping in mind the various early
reports on the mechanisms of decomposition of DTBP in the
gas phas® and in various solvents®? as well as a detailed
study of thermal decomposition of cumene hydroperdXidéth

a very similar product profile as in the case of DTBP, a
consistent free radical-based mechanism has been déraredi
can be presented below:

(CHy)3COOC(CH);— 2(CH,),CO
AH° = 164.85 kdmol "

(CH,),CO — CH,COCH, + CH,  AH° = 19.79 kdmol

CH,COCH, + CH, — CH,COCH," + CH,
AH° = —55.31 kdmol*

CH,COCH;, + CH; — CH,COCH,CH,
AH°

—334.43 kdmol*

(CH,),COOC(CH), + CH; — CH, +

(CH;);,COOC(CH),CH,” AH®=-57.20 kdmol™*

(CHy);COOC(CH); + (CH,),CO — (CH,),COH +
(CH,),COOC(CH),CH,  A,H° = —57.74 kdmol *

(CH,),COOC(CH,),CH, — (CHs),C(O)CH, + (CH,),CO’
AH° = —40.79 kdmol*

2CH; — C,Hy AH° = —376.81 kdmol *

leading to the following overall reaction:

4(CH;);COOC(CH,); — 4CH,COCH, + (CH,),COH +
2(CHy),C(0)CH, + CH,COCH,CH, + 2CH, + C,H,
AH° = —133.60 kimol * DTBP

available for certain molecular and none of the radical species
involved in the proposed mechanism. The GA method with the
help of the newly updated radical group values can be used to
estimate these quantities. The estimates for the molecular species
(Table 14) are quite close to the experimental data. Having
successfully demonstrated the ability to do the same for a large
number of radicals in the earlier part of this section, estimates
of all the pertinentA; H® values were made with confidence.
As seen from this table, we were required to use not only the
standard groups tabulated in CB92 but also a few new groups
evaluated in this work as well.

Using these data, the enthalpy changgHC) for each
elementary step as shown above were calculated. These values
are shown along with each step in the above reaction network.
Some of these calculated values indicate expéttéedndot-
hermicity (as for the initiating ROOR bond rupture) and
exothermicity (as for the radical recombination steps). It is
instructive to note that several of the intermediate steps appear
to be fairly exothermic, and this has an implication for the gross
exothermicity (resulting adiabatic temperature rise) of the overall
reaction as conducted, say, in an adiabatic calorimeter.

The summation of the enthalpy change for each reaction step
(multiplied with a scalar quantity, as required, to balance the
overall reaction) is equal to the enthalpy change that can be
associated with the overall reaction shown above. The latter is
a stoichiometrically balanced equation wherein no radicals
appear, and the presence of all the product molecules (gaseous
or liquid) appearing on the right-hand side have been verified
through the use of appropriate analytical technigigdsmust
be remembered that the above estimat&33.60 kdmol~1) of
the overallA\H° refers to all species as ideal gas at Z&a
Accounting for the heat of vaporization of the liquid species
(both the reactant DTBP and the products), the overall heat of
reaction comes out as160.7 kdmol~1. The reported value of
the same quantity is in the range of 151 to 188nkdl~1.3536

Conclusions

In this work we have shown that the estimates of enthalpy
of formation of a fairly large number of alkyl- and oxygen-
containing radicals that we obtained by the Benson GA method
are reliable and within the usual experimental error limit. This
has become possible because of our being able to devise simple
methodologies to evaluate the GAVs pertinent to these radicals.
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For this evaluation, we have used experimental data on the(19) Benson, S. WThermochemical Kinetic2nd ed.; John Wiley and

radical enthalpy of formation and bond dissociation energy

reported in the literature. The new GAVs for 25 oxygen-

Sons: New York, 1976.

(20) Cohen, N. Thermochemistry of alkyl free radicdl®hys. Chenil992
96, 9052-9058.

containing groups (three of them not reported earlier, 15 of them (21) Ni, T. Caldwell, R. A.; Melton, L. A. The relaxed and spectroscopic

estimated independently that should replace the earlier assign-

energies of olefin triplets]. Am. Chem. Sod.989 111, 457-464.

ments) are listed in the Tables 6 and 7. We have also (22) Cohen, N. IrGeneral Aspects of the Chemistry of Radic&lassi,

re-evaluated GAVs for the seven existing groups belonging to E - i ; .
0 (23) Dilling, W. L. Estimation of free radical group enthalpy of formation

the alkyl radicals (see Table 3). Though using either of the tw

approaches for the oxygen-containing radicals gave comparable

Z. B., Ed.; Wiley: Chichester, 1999; pp 31345.

values. Application to estimation of bond dissociation energies in
perfluro alkylbenzenesl. Org. Chem199Q 55, 3286-3291.

results, we recommend approach 1 being based on a consistent4) Benson, S. W.; Shaw, R. Thermochemistry of organic peroxides,

and new strategy. Similarly, for the alkyl radicals we would

recommend the GAVs obtained with the old basis radicals as

hydroperoxides, polyoxides, and their radicalsOrganic Peroxide
Vol. 1; Swern, D., Ed.; Wiley-Interscience: New York, 1970; Chapter

this procedure gave slightly better results and also reflects the(25) Bamford, C. H., Tipper, C. F. H., Ed€omprehensie Chemical

new strategy. This does not mean that the values obtained by
the other approach (approach 2) or by using new basis radicals

Kinetics Vol. 16; Elsevier Scientific Publishing Company: New York,
1980.

should be rejected. Use of these alternative procedures is valid.(26) Shum, L. G. S.; Benson, S. W. Review of the heat of formation of

Only a self-consistent set of GAVs should be used in a given
application, and values from different sets should not be used

the hydroperoxy radicall. Phys. Chem1983 87, 3479-3482
(27) Benson, S. W. Some observations on the thermochemistry and kinetics
of peroxy radicalsJ. Phys. Chem1996 100, 13544-13547.

interchangeably. It is to be hoped that similar methodologies (28) siagle, I. R.; Ratajczak, E.; Heaven, M. C.; Gutman, D.; Wagner, A.

would be extended to other radicals. Finally, we used some of
these newly evaluated groups to make reasonably good estimates
of the enthalpy change associated with the typical elementary (29)
reaction steps in a model peroxide decomposition reaction much

cited in the literature.
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