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The bond dissociation enthalpies for a set of 30 compounds containidg(X, Y = C, N, O, S, halogen)

bonds are computed using density functional theory based model approaches with the B3P86 functional.
These types of bonds were chosen because of their particular importance in free radical organic and bio-
organic chemistry, specifically redox chemistry and atom transfer reactions. A series of test calculations on
hydrogen peroxide, propane, and methyl chloride led to the choice of the 6-311G(d,p) basis set for optimum
performance in terms of speed and accuracy. Three models are defined and tested. The lowest level model,
which is capable of treating systems containing more than 30 non-hydrogen atoms, predicts bond dissociation
enthalpies with a mean absolute deviation of 2.38 kcal/mol relative to experiment. For a subset of 21 molecules,
the two higher-level models predict results with mean absolute deviations of 1.88 and 2.19 kcal/mol relative
to experiment. Test calculations on=¥ bond energetics indicate that two separate approaches are required
for the accurate treatment of both-¥ and X—H bonds.

1. Introduction C, N, O, S) bond dissociation enthalpies (BDE’s), electron

affinities (EA’s), and proton affinities (PA’s) for a variety of
moleculest The model that is most applicable to larger systems
tilizes the semiempirical AMPLapproach for geometry and

The accurate calculation of bond dissociation enthalpies
(BDE’s) has long been an important application of quantum

mechanical techniques. For some time, it has been recognize L :
requency determination. The electronic energy component of

that in order to obtain BDE’s to within 12 kcal/mol of the enthaloy is comouted at the AML minimum using the
experimental values, extensive correlation treatments and large Py P 9

basis sets are necessary. Such approaches are applied in modngtECte.d opte n-_?E.eII (Rg)lB 3"2'.3 tm(étgcéq W'EIZ,G'H%(ZF? A ¢
calculations such as G2, where several ab initio methods, p) basis sets. This model predicts S S an s 10

including the QCISD(T)/6-311G(d,p) approach, are used to within about 2 kcal/mol of experimental values and is capable
obtain molecular enthalpiésThe pri’mary shortco’ming of the of easily treating molecules with up to 15 non-hydrogen centers.

. . . _The primary drawback of this model is the inability of the
G2 approach is the high-order dependence of the computational . . X
effort on the number of electrons in (and hence the size of) the B3LYP functional to predict accurate BDE's for heavy-(X,

chemical system. Consequently, the G2 model is limited to small X—Y) bonds, which are typlcglly u.nd.erestlmate.d by@kcall
molecules. mol. For example, the bond dissociation enthalpies for hydrogen

Density functional theory (DFT) techniques, such as the peroxide ((}.O)’ anisole (G-CH), and_benzyl brom|_de (€ .
B3LYP approack3 have recently experienced a surge in Br) are predicted to be lower than their corresponqllng experi-
popularity, arguably due to much more favorable scaling than mental vr?lues bys.l, 4.hz’ and05.2 k(éazllmol, respﬁct(lj@/gmellr d
ab initio methods. As a result of this lower-order scaling, DFT zp;ljzroac es, S]E'C a;t %IM. MfO- .(M|S)hmet o d et;/? ope
approaches are often the only alternative for treating larger ty hrqese, e:adcotm ne %nsij (;J_nctlo_na;_t eor;ik?nl a Ir]ll'trl10
molecular systems. However, the results from calculations using echniques to determine bond dissociation enthalpies. These
these techniques typically do not yield the desired “chemical’ authors have had some success with the approach, showing that

accuracy, i.e., £2 kcal/mol, one can obtain from higher-level I ISt capatble (_)t}‘q_pred:cctln(‘lq( ths BIi)Efstr(])f subsﬂ_tutedt blenzlene
ab initio treatments. systems to within a few kcal/mol of the experimental value,

We have addressed some of these concerns (in part 1 of thisdependlng. on the Ieyel a_nd_ the complgxny of tt1e treatrfent.
study) by formulating a series of B3LYP-based model ap- Homolytic bond dissociation enthalpies (BDE'’s) have long

proaches which are capable of predicting accuratX(X = been considered an important thermodynamic quantity. Most
recently, interest in BDE’s has come from the free radical
* Corresponding author. E-mail: gdilabio@carl.ccs.carleton.ca. community, where they are important in governing the exo-

T Part 1 is as follows: Theoretical Study of X-H Bond Energetics{X thermicity and indirectly, the rate, of a given radical forming

C, N, O, S): Application to Substituent Effects, Gas-Phase Acidities, and ; it ; ;
Redox Potentials), Phys. Chem. 4999 103 1653-1661. reaction (e.'g., the decomposition of a pe'rOX|de) or radical
* Present address: Department of Chemistry, Vanderbilt University, Box transformation (e.g., an atom transfer reaction). Both of these

1822, Station B, Nashville, TN, 37235. reaction types are relevant in biological chemistry, wherddC
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O—H, S—H, O—-0, and S-S BDE’s contribute to an overall =~ TABLE 1. Computed Bond Dissociation Enthalpies for
understanding of cellular redox processes and the reactivity of EYC:VOQ?H Peroxide, Propane, and Methyl Chloride in
antioxidants, Furthermore, %-H and G-Y BDE'’s are impor- calimo

tant in understanding many free radical transformations impor- BDE BDE BDE

tant in organic synthesi€.Since the majority of radical forming basis set (HO-OH)  (HiC—CoHs)  (HsC-Cl)
reactions occur via cleavage ofX bonds (most often ©0) 6-31G(d,p) 55.4 91.4 86.4
and any atom transfer involves cleavage of X and X-Y 6-311G(d,p) 53.2 88.2 85.2
bonds (most often XH and C-halogen), it is useful to have a g:gﬁfﬁgég)zp) 552572 88312 8867-3?
method or model capable of predicting accuratebkX X—Y, 6-311++G(3df,3pd) 535 884 877

and X—X BDE's.
In addition to providing information that is critical to elucidate
many of the mechanisms which govern free radical processes *References for experimental data given in Table 2.

in chemistry and biology, accurate—X bond dissociation d - :

. . . ouble¢ + polarization (DZ-P) quality (6-31G(d,p)) to the
erihalpies can also be used (o derive the eats of formalion Margest available split-valence basis set (6-831(3df,3pd))
arge molecules. By determining accurate s associated with , ~oo o the Gaussian-94 database.

fragrtr)l_entln?h a Iarglge mo_iﬁctlﬁle into ?nﬂall(ler segments art1d| The largest errors in BDE are observed with the 6-31G(d,p)
combining tNEse values wi € accurately known Expernmental ,, is et where BDE's are overestimated by-2.5 kcal/mol.

(or computational) heats of formation for the segments, the heatSExtending the basis set from double- to trifilén the valence

of formation for I;rgcca: mglecuIeT can b? dgtirmcl;nze d. hod OIspace significantly improves results, with values bracketing the
In a recent study, Curtiss et_a. examine the method an experimental BDE’s by—0.7 to +2.2 kcal/mol. The use of

seven DFT procedures for their ability to compute accurate heats e polarization functions increases the BDE for hydrogen

of folrmatiorrl] (AfoOZﬁe) for a set of h148 Lnoleculéé. They peroxide and methyl chloride by about 2 kcal/mol relative to
concluded that, of the DFT approaches, the BSLYP/68EL 0 6.311G(d,p) value and by 1 kcal/mol for propane. Further

(3df,“2p) model calctl)JIa':ions dpre_di_cteMH°298'2/ allt;es ;Nith the increases in the basis set size substantially increase computa-
smallest average absolute deviation (3.11 kcal/mol). However, (o4 fimes without significantly improving BDE’s, illustrating

a c;etailed exanlination of the clia;a in ref 11 rev%als tth(X d the diminishing returns associated with the use of very large
and X=Y (X, ¥ = C, N, O) BDE's for 19 compounds predicted  ,aqjq sets. Given the results listed in Table 1, the optimum

using the B3LYP model have a large average error6(8 balance between speed (smallest basis set) and accuracy (BDE)
kcal/mol. The DFT method that produces among the worst heatsg opiained with the 6-311G(d,p) basis.

of formation, with an average absolute deviation of about 18
k_cal/mol, is 53P88:1_2 Nevertheless, the B3P86 bond dissocia- 3 Methods of Calculation
tion enthalpies predicted for the same 19 compounds show an ) ) )
average deviation from experiment of ony).5 kcal/mol. This A series of 30 molecules involving€Y (Y = C, N, O, S,
indicates that the B3P86 approach shows potential for providing F; Cl. Br), 0-O, S-S, and N-N bonds was tested. The
accurate XX and X—Y bond energetics. Gau55|an-94 pagkage of programs was used for ajl the; calcula-
In this paper, we extend our work on the development of tlons.13_ First, opt|m|2(_ed geometries and sca!ed \_/lbratlon fre-
DFT-based model calculations for calculating—X bond quencies, for zero-point energies (ZPI_E) and vibrational enthalpy
energetics by examining the applicability of the B3Pge COrrections Kliy), were obtained using one of three low-,
approach to the determination of accurate-X and X—Y medium-, and high-level procedures (denoted LLM, MLM, and
(where X, Y = C, N, O, S, halogen) bond dissociation HL_M). These were foIIowed_ by smgle-pomt DFT calcqlatmns
enthalpies. We begin by assessing a variety of balanced basi¢/Sind the (RO)B3P86-functional with 6-311G(d,p) basis sets,
sets by computing the €0 BDE in hydrogen peroxide, the &S Per the results of section 2, to obtain the electronic energies
C—C BDE in propane, and the-€Cl BDE in methyl chloride  (Ee) Of the systems. These values were summed, along with
with the (RO)B3P86 functional. The optimum basis set is then €Nthalpic corrections for translatioffsRT) and rotation ¥R
used within a series of model approaches to determine the bondP!US an additionaRT term, to obtain the enthalpy dt= 298
dissociation enthalpies for 30 representative molecules. TheK: 9iven byH®,q = Ee + ZPE + Hyip + 4RT. In the case of
general applicability of the computational models is then atoms, the enthalpic corrections totaRT.1 Bond dissociation
discussed. enthalpies (BDE's), for example in the reactionrR — R* +
Xe, are then determined by: BDE (H°298(R*) + H20¢(X*)) —

2. Test Calculations on Hydrogen Peroxide, Propane, and H%209(RX). . )

Methyl Chloride The Iow-Ieve_I moc_i(_el (LLM) for computing enthalp_les mak_es
use of the semiempirical AMIprocedure for calculating mini-

To determine the optimal basis set with which to proceed, mum energy geometries and frequencies. Following our previous
the restricted open-shell (RO) B3P86 method is applied, with a work* and that of Scott and Radotfyibrations are scaled by
series of balanced basis sets, to determine the terms that factor of 0.973 to obtain zero-point energies (ZPE) and
contribute to the molecular enthalpies using the Gaussian-94vibrational enthalpy correctionsi(ip) at T = 298 K. The single-
package of program$.More details are provided in the next  point energy//geometry/frequency calculations involved in this
section. The accuracy of the computed bond dissociation low-level model are denoted (RO)B3P86/6-311G(d,p)//AM1/
enthalpies and the basis set size serve as our selection criteriaAM1, where it is understood that open-shell systems are treated
Enthalpies are determined by computing the electronic energieswith (RO)B3P86. This model is appropriate for systems
and correcting for zero-point energies and vibrational, rotational, containing up to 30 heavy (i.e., non-hydrogen) atoms on a low-
and translational enthalpies as given by standard fornitilas.  end workstation since the geometry and frequency determina-

The calculated bond dissociation enthalpiesT & 298 K, tions are rapid using AML1.
for hydrogen peroxide, propane, and methyl chloride are  The medium-level model (MLM) uses (U)MP2(Full)/6-31G-
presented in Table 1. Balanced basis sets are varied from(d) for geometry optimizations and (U)HF/6-31G(d) for the

experimerit 51 88.9 83.1
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determination of vibrational frequencies, where open-shell TABLE 2: Bond Dissociation Enthalpies for 30

systems are treated in an unrestricted formalism. FrequenCieé;ﬁ;%rgeisi?lft]a%gi|§8{2F;5()xupne(iism%ﬂg? ;f,‘éeéz'\".‘g’gg Qggr&fg;‘es
6 VDY

are scaled by a factor of 0.9138¢ Geometry optlmlzatllons Absolute Deviations (MAD) (All Values in kcal/mol)

and frequency calculations are much more time-consuming than

using LLM but are generally more reliable, in particular for compound LLM  MLM HLM Gz  exptl
systems involving GO or S-S bonds. The MLM approach is HsC—Y Bond Dissociation Enthalpies
denoted (RO)B3P86/6-311G(d,p)//(U)MP2(Full)/6-31G(d)/(U)- HC—NOC, 611 608 612 628 608
HF/6-31G(d). Note that the methods for determining geometries HsC—Br 74.9 5.7 76.4 736 700
. . H3C—SH 72.8 74.7 75.2 74.9 747
and fre_quenmes cqrrespond to those used in the G2 approack\_'3C_C| 848 851 852 84'6  83.1
of Curtiss, et al This model, like the low-level model, mixes HsC—NH, 87.4 86.4 86.7 85.6 856
unrestricted and restricted, open-shell formalisms. However, it H;C—CHs; 91.2 91.6 92.1 90.8 90!1
is important to note that geometries and frequencies determined Eag—gg 18?-(5) 1%%-3 l%?é-g 93.6 18%’-21
i 1 _ 3L— . . . A
using unrestricted, open-shell treatments are known to reproduce! F 1104 1117 1151 1124 1098

; ; 3
the resjmcteql, open-shell resulfsMolecular enthalples are | CN 1284 1282 1305 1243 1249
determined (in all the models presented here) using a restricted,

open-shell treatment which effects the energies of the radicals. 1.95 1.95 2.56 1.58

As we have shown previously forXH BDE’s,* and will show X—Xand X-Y Bond Dissociation Enthalpies
below for X—Y systems, this teatment of radicals results in (CHz):CO-OC(CHy)s  26.9 36.3 35.9 3810
. - L . . . HO—OH 451 52.4 53.2 50.5 51
superior X-Y bond dissociation enthalpies. This medium-level 5 g 526 597 600 66°0
model is applicable to systems containing up to ca.20 heavy H,N—NH, 65.5 69.2 69.4 66.4 674
atoms on a high-end workstation. CoFs—Br 67.1 69.5 69.4 68%
Finally, we define a high-level model (HLM) to which the = HC—SGHs 703 713 716 737
CoFs—Cl 80.2 82.0 82.0 829
performance of the LLM and MLM approaches can be HC—OGH 805 805 803 86.8 830
compared. The HLM is simply the application of (RO)B3P86/ |;°c_NpCH, 834 819 822 T gom
6-311G(d,p) for the determination of geometries, frequencies, H,c—C,Hs 88.6 87.9 88.2 90.4 8glg
and molecular energies and is denoted (RO)B3P86/6-311G(d,p)//C.Fs—F 1239 1252 1251 126.9
(RO)B3P86/6-311G(d,p)/(RO)B3P86/6-311G(d,p). Frequencies map 4.06 1.82 1.85 1.95
determined usipg thi§ model were scaled by a fac@or of ArX-Y Bond Dissociation Enthalpies
0.9806*!°HLM is applicable to molecular systems containing  ars—cH, 62.1 59.9
up to 10 heavy atoms. ArCH,—Br 61.6 60.8
It should be noted that the procedures and models outlined ArO—CHs 64.5 63.4
above are similar in spirit to those developed in our work on ﬁﬁﬁ:Z:CC'_" ;2-2 ;g-i
X—H bond energetics but they differ in a number of ways. In AI’CHz_Nljz 745 74.0
our previous work, single-point energies were determined using arCH,—CH, 76.6 77.3
(RO)B3LYP/6-311#G(2d,2p), an approach which underesti- ArCH,—OH 81.7 81.4
mates X-X and X—Y BDE’s. In addition, our previous models  ArCH—F 99.7 98.6
required extensive visualizations in order to identify and correct MAD 0.82
for vibrations that correspond to rotations. We have since found (.. vaD 238 1.88 219

that, in most cases, bond dissociation enthalpies are relatively

insensitive to such corrections and have omitted them in the °Computed from the G2 heats of formation from ref 11. Values
models presented in this work. marked with asterisks were computed in this wdrReference 15.

¢ CRC Handbook of Chemistry and Physi¢8" ed.; Lide, D. R., Ed.;
CRC Press: Boca Raton, FL, 1995Computed from experimental
4. Results and Discussion heats of formation tabulated in ref 19Computed from heats of
. L . . formation as listed in the National Institute of Standards and Technology
The bond dissociation enthalpies of 30 representative com- onjine database. Standard Reference Data Program 69, November 1998
pounds determined using the LLM, MLM, and HLM models Release. http://webbook.nist.gdWalue for H=C—SCH; derived from
are listed in Table 2 with available experimental data. In the experimental heats of formation tabulated in ref4$ee text for details.
case of substituted benzenes, only the LLM approach was used' Laarhoven, L. J. J.; Born, J. G. P.; Arends, I. W. C. E.; Mulded.P.
for BDE evaluations due to resource limitations. For comparison, €heém: Soc. Perkin Trans. 2997 2307.' Suryan, M. M.; Kafafi, S.

. - A.; Stein, S. EJ. Am. Chem. Sod.989 111, 1423.i Averaged from
G2 values from ref 11 are also included in the table. In a few the range of results provided in: Andreiux, C. P.: Le Gorande, A.;

cases, G2 calculations (outlined in ref 1) were performed to Saveant, J.-MJ. Am. Chem. S0d992 114 6892 % Zavitsas, A. AJ.
obtain BDE's with which the results from the model calculations phys. cChem1987 91, 5573.

could be compared. As pointed out in the recent work by Froese
and Morokum& accurate experimental data with which to findings for the HO-OH, HsC—C,Hs, and HC—CI BDE's (see
compare are scarce. For several of the molecules studied in thissection 2), where the results indicated overestimated BDE
work, the experimental BDE's were evaluated from experimen- values. The medium-level model calculations are in much better
tal heats of formation. However, the experimental BDE's listed agreement with experiment, displaying a lower deviation of 1.95
in Table 2 are believed to be reasonable, with uncertainties kcal/mol. Differences between the MLM and HLM bond
estimated to be in the range of-B kcal/mol. dissociation enthalpies can be traced to minor disagreements
4.1. H;C—Y Bond Dissociation Enthalpies.In general, all in the electronic energyE) component of the enthalpies for
HsC—Y systems presented in Table 2 have computed bond the parent molecules. As expected, HLM predigtsalues that
dissociation enthalpies that are higher than the correspondingare slightly lower than those determined using MLM (recall
experimental values. The high-level model BDE’s show the least that MLM uses MP2-Full/6-31G(d) to obtain geometries while
agreement with experiment, with a mean absolute deviation HLM uses (RO)B3P86/6-311G(d,p)). For the radical species,
(MAD) of 2.56 kcal/mol. These results are in line with the however, there is better agreement between HLM and MLM
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E. terms. Consequently, bond dissociation enthalpies are for all three compounds, the majority of the error can be traced

somewhat higher using HLM compared to MLM.

The low-level model, in which geometries and frequencies
are determined using the AM1 method, predictg€HY bond
dissociation enthalpies in good agreement with MLM values.
The LLM mean absolute deviation in BDE is 1.95 kcal/mol. In

to poor AM1 bond lengths in those being broken. As noted in
our previous work, AM1 predicts the G-O separation in
hydrogen peroxide to be 1.30 A compared to an experimental
value of 1.46 A. Consequently, the pareniOd is destabilized
relative to the dissociation fragments, lowering the BDE by 6.2

all cases, the electronic energy component of the LLM enthalpies kcal/mol. Similar effects are observed inteéi-butyl peroxide

is higher than the corresponding MLM and HLM values. The
good agreement between LLM and MLM or HLM BDE’s can
therefore be attributed to significant error cancellation. For LLM,
the higher BDE's (relative to MLM) are the result of radical

and hydrogen persulfide. To some extent, the poorly predicted
(AM1) dihedral angle in hydrazine contributes to the underes-
timated LLM bond dissociation enthalpy but the net error is

much smaller in this case since the MLM and HLM overestimate

zero-point energies and vibrational enthalpies that are higherthis BDE. One possibility for bypassing the difficulties associ-

than those predicted using the MLM model.

ated with these systems, while still maintaining the computa-

The disagreement between calculated and experimentallion@l advantages of the LLM, is to perform a two level

BDE’s of methyl bromide and methyl nitrile contribute signifi-
cantly to the MAD values for all three models as well as the
G2 model. Results for other carbebromine species presented

in Table 2 show excellent agreement with experiment, suggest-

ing that the accepted4@—Br value of 70 kcal/mol may be in
error. The G2 BDE for methyl bromide of 73.6 kcal/mol

ONIOM-type (MP2= high, AM1 = low)° optimization on
the O-0 or S-S fragment followed by the single-point B3P86
procedure described here.

Despite the difficulties noted above, the low-level model
performs reasonably well. The MAD for this set of molecules
is 4.06 kcal/mol, a value which is reduced to 1.78 kcal/mol upon

(computed presently) seems to support this conclusion. Theremoval of peroxide and persulfide species. The accurate
results for methyl nitrile are also in reasonable agreement with determination of @Fs—X (X = F, Cl, Br) BDE's indicates that

the G2 result! which is higher than the experimental value by
2.4 kcal/mol. Re-evaluating the MAD'’s, omitting the methyl
bromide and methyl nitrile BDE's, yields 1.01, 0.94, and 1.33
kcal/mol for LLM, MLM, and HLM, respectively. A similar
evaluation using the G2 BDE’s gives an MAD of 1.19 kcal/
mol.

4.2. X=X and X-Y Bond Dissociation Enthalpies.In
general, the HLM procedure performs well for this group and
compares well with the available G2 BDE's. The overall MAD
for this set of BDE's is 1.85 kcal/mol, lower than that
determined for the kC—Y bonds. The sulfide bond in 4%, is
treated very poorly, with a BDE predicted to be too low by 6.0

molecules containing multiple heavy centers can be accurately
treated using the these models.

4.3. Aromatic X—Y (ArX —Y) Bond Dissociation Enthal-
pies. Because of the computationally intensive geometry/
frequency determinations inherent in the MLM and HLM
approaches, the bond dissociation enthalpies for aromatic
systems were determined using only the low-level model.
However, we may conclude from the results presented in
sections 4.1 and 4.2 that LLM bond dissociation enthalpies, with
a few well understood exceptions, agree well with those
determined using the higher-level treatments.

In general, aromatic XY bond dissociation enthalpies are

kcal/mol. Test calculations indicate that increasing the basis setvery accurately predicted using LLM. The MAD for this set of

size to 6-31%G(2d,2p) brings the BDE into exact agreement

molecules is only 0.82 kcal/mol. The largest deviation is

with experiment. Evaluations of the bond dissociation enthalpy observed for the (methylthietbenzene compound, whose BDE

of other sulfur-heteroatom and sulfurcarbon species, however,
show no significant €0.2 kcal/mol) change in BDE's with the

is predicted to be 2.2 kcal/mol higher than experiment. However,
the experimental value for this species was estimated from the

larger basis, indicating that the original 6-311G(d) basis set for isodesmic reaction, ArSCH; + H—CH3z — ArS—H + H3C—

sulfur may only be inadequate for disulfide linkages. Further
test calculations in which a locally dense 6-3¥3(2d) basis
set8is placed on the sulfur atom yields a HSH BDE (65.3
kcal/mol) that agrees with experiment while maintaining the
good agreement observed for compounds in which-axi Bond

CHs. The enthalpy of reaction was determined using the
enthalpies of formatioc for the reaction participants then
experimental BDE's for HCHs, ArS—H, and hC—CHs; were
used with the enthalpy of reaction to estimate the value of 59.9
+ 3.0 kcal/mol for the SC bond in ArS-CHs. This BDE is

is broken. Consequently, a locally dense basis set approach isalmost 10 kcal/mol lower than the 69.4 kcal/mol value reported
recommended for the treatment of disulfide bonds. The poor by McMillen and Goldert®

H,S, BDE contributes about 30% to the MAD for this set of
compounds.

The MLM bond dissociation enthalpies, as for the methyl
C—Y bonds, are slightly lower than the HLM values for reasons
outlined in section 4.1. As in the HLM treatment 0$$, MLM

4.4. X—H Bond Dissociation Enthalpies.In previous work,
we developed a series of model approaches that were shown to
accurately reproduce experimentat-M¥ BDE's* These models
are similar to those developed in this work but, as pointed out
earlier, differ in that single-point electronic energies are

underestimates the BDE by 6.3 kcal/mol due to basis set effects.determined using the (RO)B3LYP/6-31G(2d,2p) approach,

Overall, MLM results are in better agreement with HLM BDE's
for this set of molecules, with the MAD for the procedure/
molecular subset being 1.82 kcal/mol. Removal of the po&H
value reduces the MAD to 1.37 kcal/mol. Using a locally dense
6-311+G(2d) basis on the sulfur atoms in$ improves the
BDE to 65.0 kcal/mol.

The low-level model performs quite poorly for several
members in this set. Specifically, BDE's for (gHECO—-0C-
(CHg)s3, H20,, and KS; are underestimated by 11.1, 5.9, and
13.4 kcal/mol, respectively. In the case of3j, a locally dense
sulfur basis set improves the BDE to 58.3 kcal/mol. However,

while the models described here use (RO)B3P86/6-311G(d,p)
for X—Y BDE’s. In addition, the X-H models compensated
for overestimated B3LYP hydrogen atom energy by setting the
value to—0.500 au.

Clearly, it is desirable to have one model that can be applied
to both X—H and X—Y thermochemistry so that chemically
and biologically relevant mechanisms (such as those mentioned
in the Introduction) can be treated in a balanced way. Since the
X—H DFT-based models tend to predict-X BDE'’s that are
too low, it is worthwhile to test the current models to examine
their applicability to the determination of accurate-M bond
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TABLE 3: Bond Dissociation Enthalpies for Representative cleavage of an ©0 or S-S bond, LLM greatly underestimates
X—H Species (Values in kcal/mol) BDE'’s due to poorly predicted AM1 bond lengths. An evalu-
HLM  HLM (this work)® HLM ation of the MAD without these compounds yields a value of
bond (ref4p (EoH)=—0.5au) (this worky exptl 1.60 kcal/mol. A future study is being considered in which the
HO—H  118.3 129.6 119.3 1198 0.05 LLM will be applied to the determination the heats of formation
H,N—H 107.6 120.3 110.0 1082 0.3 of large molecules.
H:C—H 105.8 119.0 108.7 10480.1 The speed and accuracy of the LLM approach presented here

aUsing the high-level model of ref 4 for the determination of IS illustrated by a comparison to a recent IMOMO study by
X—H BDE'’s, where enthalpies are evaluated using (RO)B3LYP/ Vreven and Morokuma! In that work, the authors calculate
6-3114-G(2d,2p).> Using the high-level model presented in this work the C-C BDE'’s for a series of hydrocarbons. They find that
ﬁ/_it?] The Tydr?jg?n atomter&e_rgytrfgken ?(9£5E_O o?hauri Udsing thet their best-performing method (G2MSI/ROMP2) predicts BDE’s

igh-level model presented in this work taking the hydrogen atom fqr 18 compounds with a root mean sqaure error of 2.4 kcal/
energy,~0.518 52 au, as predicted by B3P86/6-311G(d,p). mol relative to experiment. For the largest compound in that
study, BC—CMePh, the authors report a BDE of 72.9 kcal/
mol compared to the experimental value of 62 kcal/moll®
The LLM approach outlined in this work predicts a value of
65.9 kcal/mol, in better agreement with the experimental
quantity by 0.8 kcal/mol. However, the IMOMO value required
over 2 days of computer time on their resources while the LLM
result was obtained in 6.5 h on a Pentium 11l 450 MHz personal
computer.

The medium-level model ((RO)B3P86/6-311G(d,p)//(U)MP2-
(Full)/6-31G(d)/(U)HF/6-31G(d)) was applied to a 21 molecule
subset of the test species. This procedure is capable of treating
up to 20 heavy atoms and predicts bond dissociation enthalpies

energetics. Values for XH BDE’s were computed for $O,
NHs;, and CH using three procedures and are compared to the
experimental values listed in ref 4.

The X—H bond dissociation enthalpies in the second column
of Table 3 are those determined using the (RO)B3LYP/
6-311H-G(2d,2p) model of ref 4. As previously noted, the models
in ref 4 compensated for the hydrogen atom energy that is too
low by setting the value te-0.500 au. This correction amounts
to 1.5 kcal/mol, which is enough to raise the predicted BDE's
to within 1 kcal/mol of the accepted values. Next are the BDE’s
determined using the high-level model outlined in the this work;
that is, the electronic energy evaluations are performed using "
(RO)B3P86/6-311G(d,p) with hydrogen atom energies taken as\'V'thh"’mh'.vl'ﬁ‘lI3 B |1'88 dk(i‘allmhplr.] is simplv th iahtf d
—0.500 au. These values overestimate the experimental values T 1 high-level model, which Is simply the straightforwar

: - ) application of (RO)B3P86/6-311G(d,p), was also applied to a
by 1015 kcal/mol for the three species. Finally, BDE's are 21 molecule subset of the test species. Bond dissociation
reported using the high-level model of this work but using the enthalpies had a mean absolute deviation. from experiment of
B3P86/6-311G(d,p) energy for the hydrogen atom, a value that2 19 keal/mol
is too low by 10.3 kcal/mol. The BDE’s in this case are in much ~* :

better agreement with the experimental values but are up to 4BD-|—E,SS té:fa ll_f lgatli\ms \;\f(;ecal—lfql'ﬂin;gs?ﬁs itr:) d?c?;ggqtiﬁztthvmﬁe
kcal/mol too high. In the case of the B3LYP-based models, 2= : '

radical enthalpies are predicted to be too low relative to the gg; %rr?t\;:Z:JSiergoﬁgiﬁggg{??g;gﬁ:gg?ﬁfﬁi;hﬁszboovlﬂgslzﬁgg'
parent molecules resulting in-XX and X—Y BDE's that are PIES, P

underestimated. For XH bonds, the dissociation fragments them by up to 4 kcalmol. As a result, for the accurate

include the energy-corrected hydrogen atom and only one overly g?tr?]r(%'enlagg&&;é IsarTﬁJ s>§_bl_<|a EISDE dS,NtVOVr?e?}!lf;?éigt ?npe;rtan i
stable radical and, therefore,~ BDE’s are predicted with ‘ + IMp

that model to be only 22 kcal/mol too low. However, the data insights into biologically and chemically relevant processes can

i i i 4 a
in Table 2 suggest that radical enthalpies determined using ge':?_bgeallsneeddr;rg?elt:e application of both the-K* and XY
B3P86 tend to be slightly high while the results listed in Table ’

3 indicate that the hydrogen atom enthalpy is too high. This Acknowledgment. We thank J. S. Wright for helpful

suggests that XH BDE results may improve upon the comments made during the preparation of the manuscript and

introduction of energy-lowering corrections for the hydrogen for support for G.A.D. through NSERC Canada. D.A.P. thanks
atom but this would require extensive testing. We are currently NRC Canada aﬁd IN.SERC Canada for their sdppbri '
experimenting with models involving open-shell corrections of '
the type used in the G2 approdahith limited success.

This analysis indicates that neither the DFT-based model _ _
approach presented in this work nor that of ref 4 is capable of Che(rﬁ? Sﬁ‘;ﬁiég'{'gﬁ;'ﬁ%%'_“"‘mha”' K.; Trucks, G. W.; Pople, J.JA.
accurately determining bond dissociation enthalpies for both (2) Becke, A. D.J. Chem. Phys1993 98, 5648.

X—H and X-Y systems. Nevertheless, the-Xl models of ref (3) Lee, C.; Yang, W.; Parr, R. Ghys. Re. B 1988 37, 785.
4 and the heavy atom models of this study can be used in  (4) DiLabio, G. A; Pratt, D. A.; LoFaro, A. D.; Wright, J. 3. Phys.

conjunction with each other to determine tthermodynamics Chem. A1999 103 1653.
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