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The performance of a variety of high-level composite procedures, as well as lower-cost density functional
theory (DFT)- and second-order perturbation theory (MP2)-based methods, for the prediction of absolute and
relative R-X bond dissociation energies (BDEs) was examined fer Rle, Et,i-Pr andt-Bu, and X= H,

CHs, OCH;, OH and F. The methods considered include the high-level G3(MP2)-RAD and G3-RAD
procedures, a variety of pure and hybrid DFT methods (B-LYP, B3-LYP, B3-P86, KMLYP, B1B95,
MPW1PW91, MPW1B95, BB1K, MPW1K, MPWB1K and BMK), standard restricted (open-shell) MP2
(RMP2), and two recently introduced variants of MP2, namely spin-component-scaled MP2 (SCS-MP2) and
scaled-opposite-spin MP2 (SOS-MP2). The high-level composite procedures show very good agreement with
experiment and are used to evaluate the performance of the lower-level DFT- and MP2-based procedures.

The best DFT methods (KMLYP and particularly BMK) provide very reasonable predictions for the absolute
heats of formation and RX BDEs for the systems studied. However, all of the DFT methods overestimate
the stabilizing effect on BDEs in going from=R Me to R= t-Bu, leading in some cases to incorrect qualitative
behavior. In contrast, the MP2-based methods generally show larger errors (than the best DFT methods) in
the absolute heats of formation and BDES, but better behavior for the relative BDEs, although they do tend
to underestimate the stabilizing effect on BDEs in going from=RVle to R = t-Bu. The potentially less
computationally expensive SOS-MP2 method offers particular promise as a reliable method that might be
applicable to larger systems.

1. Introduction it is necessary to identify reliable low-cost methods to calculate

The bond dissociation energy (BDE) is an important funda- these q!Ja”““es; . ]
mental concept in chemistry. It is used as a measure of the Density functional theory (DFT) is now widely used as a
strength of a chemical bond and is defined as the enthalpy computational chemistry tool and is found to provide reasonable

change for the dissociation reaction: accuracy at modest computational cost for a wide range of
chemical system5Although there are several types of calcula-
R—X — R" + °X 1) tion (notably reaction barrier heighfsand heats of formatidn®)

for which popular DFT methods such as B3-LYP are known to
Relative values of BDEs are also extremely important in Show substantial errors in some cases, the calculation of relative

chemistry. For example, the difference between theXRand BDEs (such as RSEs and the enthalpies of abstraction reactions)
R—X BDEs is effectively the enthalpy change for the X-transfer is not normally regarded as problematic. For instance, Brinck
reaction: et al’ concluded that, although the absolute BDEs were
unreliable, the B3-LYP method was suitable for the prediction
R-X +R —R-X +R" ) of the effect of substituents on the-El BDEs in substituted

methanes, €0 BDEs in peroxyl radicals, and-€H BDEs in
Moreover, when X= H and R = CHjs, the enthalpy change  hydroperoxides. We have also noted that B3-LYP underesti-
for reaction 2 is defined as the radical stabilization energy (RSE) mates C-H BDEs but, through a systematic cancellation of
for the radical R and is often used as a measure of radical errors, generally produces reasonable values of RSEsa
stability. The accurate prediction of BDEs and RSEs has number of recent assessment studies, Truhlar and co-workers
numerous applications, including the identification of sites for have indicated that methods such as B3-LYP, though inadequate
potential free-radical attack in peptides, the assessment of thefor the prediction of barrier heights, nonetheless perform well
effectiveness of antioxidants, and the study of chain-transfer for the enthalpies of hydrogen-abstraction reactions and also
processes (such as long-chain branching) in free-radical po-for bond dissociation energi@dNe have also shown that the
lymerization. However, for useful practical applications in large B3-LYP method provides reasonable performance for the
polymer-related or biologically related systems to be feasible, enthalpies of hydrogen-atom-abstraction reactions involving
. . substituted carbon-centered radicals, and the associatétl C
" ;C)Orgggpmogy]‘gmaﬂggfzaf;{’}a": (M.L.C.) mcoote@rsc.anu.edu.au; BDEs of the closed-shell reactants and RSEs of the open-shell

Y ol University reactant$.Finally, Chen and Bozzelff have noted that the B3-
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Figure 1. Trends in relative RX bond dissociation energies (0 K, kJ myl for R = Me, Et,i-Pr, t-Bu and X= H, CHz, OCH;, OH, F, as
calculated via (a) G3-RAD, (b) B3-LYP/6-33#15(3df,2p), and (c) RMP2/G3MP2large.

and BDEs of the ROCH; ethers (R= Me, Et, i-Pr, t-Bu). radicals, consistent with previous findings that B3-LYP sys-
However, it should be noted that in this study the heats of tematically underestimates the stability of larger moleciftes.
formation and BDEs were calculated via an isodesmic method Because the errors in the—X molecules are substantially

that allowed for substantial cancellation of error. greater than those in*Rthe net result is to overestimate the
In contrast to these previous studies, we recently discoveredBDE-lowering effect of increasing alkylation on the-X BDESs.
a significant problem in the prediction of the relative-R This problem is particularly evident in the-FO BDEs (i.e.,

BDEs (R= Me, Et,i-Pr, t-Bu; X = H, CHz, OCH;, OH, F) the R—-OH and R-OCH; series). In the case of the alcohols,
using B3-LYP! The background to this discovery was our the BDEs obtained from experiment and G3-RAD calculations
finding, based on calculations with high-level composite increase significantly with increasing alkylation, whereas B3-
procedures such as G3-RAD, that these systems exhibit unusualLYP predicts that the relative BDEs remain close to zero. In
trends in the BDESs with respect to increasing alkylation 2R, the case of the ethers, G3-RAD and experiment predict an
trends that are also shown by the available experimental#ta. increase in the BDEs for Me iePr followed by a small decrease

In essence, as R goes from MetiBu, the product radical R for t-Bu, whereas B3-LYP predicts a significant decrease in
is expected to become more stable, due to the influence ofgoing from R= Me to R = t-Bu. This problem had not been
additional methyl groups interacting by hyperconjugation with noted in the earlier study by Chen and Boz2&lbecause, as
the radical center, and this would contribute to a more favorable explained above, the BDEs were not calculated directly but

(lower) bond dissociation energy as we go from Met-f8u. instead obtained via an isodesmic method that allowed for
However, this BDE-lowering influence of increasing alkylation substantial cancellation of error. Although this highlights the
is countered by the increasing stabilization of theXRbond potential value of an isodesmic approach for obtaining useful
through increased resonance between its covaleniXjrRand results from low-level calculations, it depends on the availability

ionic (R™ X~) forms12 As R becomes more substituted (from of reliable data for the relevant reference reactions and is not a
Me tot-Bu), its electron-donating ability increases, the relative general solution to the problem of predicting relative BDEs.
stability of the ionic configuration (and thus the stabilization This failure of B3-LYP to predict even the corre@lative
of the bond via resonance) increases, and hence the bond/alues of the BDEs in some instances is of concern, as it
dissociation reaction is expected to becdessfavorable from threatens to undermine not only efforts to measure reliable
Me tot-Bu. The relative importance of the BDE-lowering effect absolute values of bond energies and hydrogen-abstraction
and the BDE-raising effect depends of course upon the electro-enthalpies via this method but also efforts to study competing
negativity of X. Thus when X= H, the ionic configurations mechanistic pathways and to measure and rationalize the effects
are not very significant and the BDE-lowering effect of of substituents on BDEs and abstraction reactions in a wider
increasing alkylation on the stability of Bominates. As aresult,  context. It is thus desirable to try to identify a reliable alternative
the BDEs in the RH series decrease from Me teBu in low-cost method for the calculation of BDEs. During the course
accordance with the increasing radical stability. In contrast, when of our earlier work, we noted that restricted (open-shell) second-
X is the electronegative F substituent, the BDE-raising effect order Mgller-Plesset perturbation theory (RMP2), if applied
of increasing alkylation on the stability of-RX dominates, and with a triple< basis set, showed larger errors than B3-LYP in
the BDEs in the RF series increase from Me teBu. The the calculation of heats of formation and absolute BDEs, but
other X-substituents have intermediate electronegativities andperformed reasonably well in the prediction of relative BDEs
thus show intermediate (and at times nonmonotonic) trends (segsee Figure 1)t However, the behavior is by no means perfect,
Figure 1a). and the RMP2 method suffers from two additional disadvan-
However, we found in our study that the B3-LYP method tages: (a) it is considerably more expensive than DFT proce-
failed in some cases even to reproduce the qualitative trends indures, and (b) it is not as accurate as the best DFT methods for
these relative BDEs (see Figure b)n general, the B3-LYP the prediction of barrier heights in hydrogen abstracfitiris
method significantly underestimates the stabilizing effect of thus of interest to examine the performance of alternative low-
increasing alkylation on both the-= molecules and the R cost methods.
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In the present work, we examine the performance of a wide functional but with the fraction of HF exchange reoptimized

range of pure and hybrid DFT methods for the calculation of
absolute and relativeRX BDEs (R= Me, Et,i-Pr,t-Bu; X =
H, CHs, OCHs, OH, F) with a view to identifying low-cost

for the prediction of kinetic3. MPW1B95 and MPWB1K both
comprise the modified Perdew and Wang 1991 exchange
functional and Becke’'s 1995 meta correlation functional, the

methods capable of reproducing the correct qualitative trendsdifference being that the former was optimized for thermo-
in these data. In particular, we include in our study a number chemistry, whereas the latter was optimized for kineticEhe

of “new generation” hybrid DFT methods, including KMLYP,
B1B95}!7 MPW1PW91'8 MPW1B95!° BB1K,2 MPW1K 20

BMK functional is somewhat different to the others, as it
simulates a variable exact exchange. This is achieved by the

MPWB1K ° and BMK 2! Recent studies have suggested that a combination of exact exchange (42%) and terms depending on
number of these methods show very good performance for boththe kinetic energy density. This combination is intended to lead

the kinetics and thermodynamics of chemical reacti8dsand

to a “back-correction” for excessive HF exchange in systems

it is of interest to see how well they perform in these problematic where that would be undesiratte.

systems. Because the RMP2 method proved promising in our

The RMP2 relative energies were computed with the 6+3341

earlier study, we also examine its performance with a wider (3df,2p), cc-pVTZ and cc-pVQZ basis sets. The calculations
range of basis sets. We also consider two recent modificationswith the cc-pVTZ and cc-pVQZ basis sets were also used for

of MP2 theory, namely spin-component-scaled MP2 (SCS-

MP2)2 and scaled-opposite-spin MP2 (SOS-MPZJhese two

two-point extrapolations to the infinite-basis-set limit (denoted
here as»Z), usingn~= for the SCF component ami for the

methods have been found to provide improved performance correlation energy componefftin addition to standard RMP2,

compared with the standard MP2 meti#éand it is of interest
to examine how they fare in these problem systems.

2. Theoretical Procedures

Standard ab initio molecular orbital theory and density
functional theory (DFT) calculations were carried out using the
GAUSSIAN 032 MOLPRO 2002.%3° and ACESII 3.8°
programs. Bond dissociation energigsOak were calculated
for a series of R X molecules (R= Me, Et,i-Pr andt-Bu, and
X = H, CHs, OCH;, OH and F), with a view to examining the

two recent modifications of second-order Mgthétlesset theory,
namely spin-component-scaled MP2 (SCS-MPapd scaled-
opposite-spin MP2 (SOS-MP2j,were also employed. These
two methods were introduced to provide an improvement over
the performance of standard MP2, and initial testing has
produced very promising resuff323 Both methods are based
on the idea that the correlation enerdy)(can be split into
two components:

E,=Es+E; 3)

whereEs is the contribution from opposite-spin electron pairs,

effect of level of theory on the accuracy of the results. To allow \ynereas same-spin electron pairs contributgtaT he original
for a consistent comparison between the various methods, alljjea by Grimm& was to approximate the correlation energy

geometries were optimized with B3-LYP/6-31G(d) and all

corrections for the zero-point vibrational energies were calcu-

lated using scaléd B3-LYP/6-31G(d) frequencies. Improved

relative energies were then calculated using a range of methodsr, scaling factorspg

by applying separate scaling factors for the two contributions:
E.~ psEs *+ prEr 4)

= 6/5 andpr = /3) were obtained through

including various DFT- and MP2-based methods, as well as fiing to experimental enthalpies of formation but justified

G3(MP2)-RAD and G3-RAD. All DFT calculations were carried

theoretically in a qualitative manner. The SOS-MP2 method of

out using unrestricted wave functions, whereas calculations atyead-Gordon and co-workéfsimplifies the SCS-MP2 splitting

the MP2-based levels of theory (i.e., RMP2, SCS-MP2 and SOS-

MP2) used restricted wave functions.
The DFT calculations were performed using the 6-8Gt

scheme by including the opposite-spin components only. A
slightly larger scaling factops = 1.3 is used to compensate
for the absence of explicit same-spin correlation. If implemented

(3df,2p) basis set and a variety of different functionals. These jn an efficient way, SOS-MP2 offers the possibility of signifi-

include a traditional pure functional, B-LYP, hybrid 3-parameter
functionals, B3-LYP and B3-P86, and a number of relatively
new functionals, including KMLYP$ B1B95}” MPW1PW9118
MPW1B95}!° BB1K,2 MPW1K2° MPWB1K,!® and BMK 2%

cantly reduced computational cost for larger systems (compared
with standard MP2), as it is possible to formulate it as a fourth-
order (rather than fifth-order) meth&éBoth modifications of

the standard MP2 method have proven to work well for the

These latter functionals have been specifically optimized to give prediction of enthalpies and barrier heights for a variety of
improved performance for studying the thermodynamics and/ chemical systems and give accuracy comparable to that of

or kinetics of chemical reactions. KMLYP is a hybrid 2-pa-

rameter functional in which the exchange functional is a mixture

QCISD(T)22:23.30
To assist in the interpretation of the BDE results, the heats

of Slater exchange and exact exchange (55.7%). This methodof formation 4 0 K for the radical (R) and closed-shell (RX)

differs from the other DFT methods in that it includes an species were also calculated at the levels of theory mentioned
additional empirical correction term, somewhat analogous to gpove. The heats of formation were obtained from the calculated
the higher-level correction (HLC) term in the G3-based methods, total atomization energies, together with reliable experimental
which depends on the number of unpaired electrons and theya|yes for the heats of formation of the constituent atoms at 0
number of lone pairs. The hybrid MPW1PW91 (also known as g using the procedure outlined by Nicolaides eBlaWhere
mPW1PW91) functional is based on the modified exchange and possiple, the calculated values are compared with the corre-
correlation functionals proposed by Perdew and Wang in 1991. sponding gas-phase experimental dattn cases where only
The MPW1K method was obtained by reoptimizing the fraction the 298 K experimental values are available, these have been

of HF exchange in the MPW1PWOL1 functional, to improve its pack-correctedat 0 K by subtracting the B3-LYP/6-31G(d)
prediction of barrier heights for a test set of hydrogen-atom- temperature corrections.

abstraction reactior®8. The remaining functionals fall into the ) ]

category of hybrid meta-GGA functionals, which depend on 3. Results and Discussion

the kinetic energy density. B1B95 is a hybrid version of Becke’s  The heats of formationAH;, 0 K, kJ mol?) of the R-X
BB95 functionak® whereas the BB1K model is the same and R species (R= Me, Et,i-Pr andt-Bu; X = H, CHz, OCHg,



Trends in R-X Bond Dissociation Energies

TABLE 1: Heats of Formation (kJ mol ~1, 0 K)&
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R—H R—CH; R—OCH,

Method R=Me R=Et R=i-Pr R=tBu R=Me R=Et R=i-Pr R=tBu R=Me R=Et R=i-Pr R=tBu
B-LYP -526 —349 -252 —188 —349 -252 —188  -99 -147.9 —1522 -1500 —141.0
B3-LYP -689 —638 —67.1 -743 —638 —67.1 -—743 —797 -—1614 -1787 -190.1 —1955
B3-P86 —1211 -1640 -2159 -2726 —1640 -2159 -272.6 —328.7 -—280.4 —346.1 —406.9 —463.3
KMLYP —-689 -—765 -948 -—1198 -765 -948 -119.8 -1437 -180.0 —212.6 -241.8 —2685
B1B95 -543 -511 -568 —675 —511 -568 —67.5 —789 —1558 —1768 -—193.1 —205.7
MPW1PW91 —487 —487 -576 -712 —487 -576 -—712 836 —1456 -—169.6 -—1885 —202.7
MPW1B95 -582 —59.4 -700 -862 -59.4 -700 —862 —1022 -211.9 -236.3 -256.7 —273.9
BB1K -752 -92.6 —119.1 -150.8 -92.6 —119.1 -150.8 —1823 -—2413 —281.5 —317.3 —349.8
MPW1K —-747 -1003 -1349 -—1743 -100.3 -1349 -1743 -2130 -240.1 -288.2 -331.4 —370.3
MPWB1K -783 —99.8 -130.8 -—167.6 —99.8 —130.8 —167.6 —2045 —243.6 —288.4 -—329.2 —367.2
BMK —632 —669 -804 —100.1 —66.9 -804 -100.1 -1195 -—1758 -2025 -2259 —247.1
RMP2 -13.8 3.7 7.3 0.3 3.7 7.3 03 -11.7 -1167 -126.6 —137.1 —149.4
RMP2/cc-pVTZ -251 -127 -127 -220 -127 -127 -220 —355 ~—118.9 -—133.0 -146.3 —160.2
SCS-MP2/cc-pVTZ —40.2 —250 —20.6 —239 —250 -—20.6 —239 —300 -1183 -127.7 -1348 -—1412
SOS-MP2/cc-pVTZ —47.7 —311 —245 —248 —311 —245 —248 —272 —1180 -1251 -129.0 -131.7
RMP2/cc-pVQZ —435 -—458 -609 -853 —458 —609 —853 —1138 -—1659 -—1946 -222.7 —251.3
SCS-MP2/cc-pVQZ —61.2 —62.4 —747 —948 —624 —747 —948 —117.4 -—170.1 -1958 -219.3 —2420
SOS-MP2/cc-pvVQz —70.1 —70.7 —8L7 —995 —70.7 —8L7 -995 —119.2 -1722 -1965 -217.6 —237.4
RMP2koZ -563 —68.7 -941 -1290 -68.7 -—941 -1290 —167.8 —197.7 —236.6 —2750 —313.9
SCS-MP26Z -75.8 —884 -—1123 -—1440 —884 -—1123 -1440 -178.1 —2054 -2426 -277.6 —311.8
SOS-MP2kZ -85.6 —983 -121.4 —1515 -983 -121.4 -1515 —183.3 -—209.3 —2456 -2789 —310.7
G3(MP2)-RAD -653 —66.8 —809 —103.9 —66.8 —80.9 —103.9 —130.7 -1654 -—1935 -220.9 —248.7
G3-RAD -65.6 —67.6 —8L7 —1049 —67.6 —8L7 -—1049 -1327 -166.7 —1950 -2231 —251.8
Experimertt -669 —67.9 —820 -1051 —67.9 —820 -105.1 - -166.0 —1920 -2215 —246.7

R—OH R-F R

Method? R=Me R=Et R=i-Pr R=tBu R=Me R=Et R=i-Pr R=t-Bu R=Me R=Et R=i-Pr R=t-Bu MAD! MDY
B-LYP —184.8 —188.9 —193.6 —194.2 —2289 —238.1 —2480 —2540 1515 147.0 1397 1333 483 482
B3-LYP —187.3 —204.4 —222.3 —237.2 —230.1 —252.1 —275.3 —2953 139.7 1247 1058 87.2 185 165
B3-P86 —261.4 —326.6 —393.7 —458.7 —287.2 —356.9 —428.7 —498.3 984 348 —329 -101.0 130.7 —130.7
KMLYP —195.4 —227.6 —262.8 —297.3 —240.6 —276.8 —316.7 —355.4 1459 119.7  87.6 53.6  14.0-14.0
B1B95 —180.8 —201.3 —223.7 —244.2 —227.8 —252.8 —279.9 —3048 1585 1408 119.0 96.6 213 213
MPW1PW91 ~169.2 —192.7 —218.2 —241.2 —217.0 —2452 —275.4 —303.1 1507 131.1 106.9 820 226 228
MPW1B95 —233.6 —257.6 —283.9 —308.7 —230.6 —259.1 —290.0 —319.1 157.2 1353 108.9 815 18.2 —5.9
BB1K —247.8 —287.6 —329.4 —369.7 —234.8 —278.9 —3253 —370.0 137.8 100.8  59.4 169 48.9-489
MPW1K —240.4 —288.2 —337.8 —385.5 —224.8 —277.0 —331.3 —383.7 1240 803 316 -—180 611 —60.8
MPWB1K —2455 —289.9 —336.7 —382.3 —239.3 —288.0 —339.3 —389.2 1362 953 495 23 586-586
BMK —193.0 —219.3 —248.7 —277.3 —233.7 —263.6 —297.0 —329.8 1515 130.0 103.4 750 4.0 -0.1
RMP2 —159.3 —167.7 —182.7 —201.5 —211.3 —221.7 —239.4 —260.7 1875 1912 1853 1733 703  70.3
RMP2/cc-pVTZ ~ —157.6 —170.8 —189.1 —209.6 —207.2 —222.7 —243.2 —265.9 180.7 1798 1704 1558 59.8  59.8
SCS-MP2/cc-pVTZ —157.7 —166.3 —178.7 —192.5 —202.8 —214.0 —229.1 —2455 1710 173.8 1692 1606 619 619
SOS-MP2/cc-pVTZ —157.7 —164.1 —173.6 —183.9 —200.6 —209.6 —222.1 —2353 166.1 170.8 1686 1630 629 629
RMP2/cc-pVQZ ~ —192.0 —219.8 —252.7 —287.9 —233.3 —263.0 —298.3 —3359 166.1 1504 1251 954 113 86
SCS-MP2/cc-pVQZ —195.4 —220.3 —249.0 —278.9 —230.7 —257.9 —289.5 —322.4 1541 140.1 1186 932 64 50
SOS-MP2/cc-pVQZ —197.0 —220.6 —247.2 —2745 —229.5 —255.4 —285.1 —3156 1487 1359 1154 921 58 32
RMP2k0Z —2148 —252.8 —295.9 —341.4 —2505 —290.3 —336.0 —384.1 1556 129.1  94.1 539 27.8-265
SCS-MP24Z —2205 —256.9 —297.1 —338.4 —249.4 —287.9 —331.0 —3755 1426 1169  83.7 46.6  34.2-34.2
SOS-MP2kZ —223.4 —259.0 —297.6 —337.0 —248.8 —286.6 —328.6 —371.3 136.1 1108 785 430  38.0-38.0
G3(MP2)-RAD  —189.2 —216.0 —248.2 —2825 —228.0 —257.1 —292.0 —329.4 147.1 1314 107.4 788 12 09
G3-RAD —189.6 —216.7 —249.5 —284.7 —228.0 —257.7 —293.3 —33L7 1489 1323 1076 777 00 00
Experimertt ~189.8 —217.2 —248.1 —281.8 —2266 - - — 1498 1317 106.8 745 — -

a Calculated using B3-LYP/6-31G(d) geometries and incorporating scaled zero-point vibrational energy corfestiddBT functionals are
used in conjunction with the 6-3#iG(3df,2p) basis set. If not stated otherwise, the 6-8G&{3df,2p) basis set is also used for RMPZaken
from ref 32 unless otherwise noted. Experimental values at 298 K back-correctel uising temperature corrections obtained at the B3-LYP/

6-31G(d) level. Experimental results for the radicals are taken from refIg® and MAD are respectively the mean deviations and mean absolute

deviations from G3-RAD values. Note that the mean deviation and mean absolute deviation of G3-RAD from the experimental valugsace
+1.3 kJ mof?, respectively.

OH, F) at a variety of levels of theory are shown in Table 1. between the high-level G3-RAD values and the corresponding
The corresponding gas-phase experimental vé&déare also
included in Table 1 for purposes of comparison. The absolute available experimental values is just 1.3 kJ mpthe maximum
(Table 2) and relative (Table 3)-RX bond dissociation energies
(BDEs) were also calculated. For the purposes of the presentand the majority of results agree to within 1 kJ molOn the
work, the relative BDE of a species—X is defined as the
difference between the-RX BDE and the corresponding MeX

BDE (at the same level of theory). To assist in the qualitative absolute deviations (MADs) and mean deviations (MDs) from
analysis of the results, the relative BDEs are plotted as a functionthe corresponding G3-RAD values at each level of theory are
included in Tables 1 and 2. We note to begin that the (slightly)

of the R-group for each of theRX series in Figure 2.

Heats of Formation. Examining the heats of formation in

experimental values. The mean absolute deviation from the

deviation (which occurs fot-Bu-OCH) is only 5.1 kJ mot?!

basis of this excellent performance, we treat the G3-RAD values
as our benchmark for the remainder of this study. The mean

less-computationally intensive G3(MP2)-RAD method shows
Table 1, we note that there is generally excellent agreementexcellent agreement with G3-RAD (MAD 1.2 kJ mé) and
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TABLE 2: Bond Dissociation Energies (kJ mol?, 0 K)2

R—H R—CHs R—OCH;

Method R=Me R=Et R=i-Pr R=tBu R=Me R=Et R=i-Pr R=tBu R=Me R=Et R=i-Pr R=tBu
B-LYP 420.1  397.9 380.9 368.1 337.8 323.6 309.9 294.6 304.1 303.9 294.4 279.0
B3-LYP 424.6 4045 389.0 377.6 343.1 3314 319.8 306.6 310.3 312.6 305.1 292.0
B3-P86 435.6 4149 399.0 387.7 360.9 349.2 338.1 326.1 328.9 3310 324.1 3125
KMLYP 430.9 4122 398.5 389.4 368.4 360.5 353.4 343.2 335.8 342.1 339.3 331.9
B1B95 428.9  407.9 391.9 380.2 368.2 356.2 345.1 334.0 332.3 3355 330.0 320.3
MPW1PW91 4155 395.8 380.5 369.3 350.2 3394 328.8 316.4 317.8 3221 316.8 306.2
MPW1B95 431.4 4107 395.0 383.7 373.7 3625 352.3 340.9 336.3 338.8 332.8 322.6
BB1K 429.1 4095 394.5 383.8 368.2 357.8 348.0 337.1 328.9 332.1 326.5 316.6
MPW1K 414.7  396.6 382.5 372.4 348.2 339.1 329.9 318.9 311.1 315.6 310.1 299.4
MPWB1K 430.5 4111 396.3 385.9 3722 362.3 353.3 343.0 3334 337.2 332.3 323.1
BMK 430.8 413.0 399.8 391.1 369.9 362.0 355.0 346.0 336.4 341.6 338.3 331.2
RMP2 417.4 4035 394.0 389.0 3713 3714 372.6 372.5 370.3 383.9 388.5 388.8
RMP2/cc-pVTZ 421.8 4085 399.2 393.8 374.1  373.3 373.1 372.0 368.3 3815 385.4 384.7

SCS-MP2/cc-pVTZ  427.1 4148  405.9 400.5 366.9 3654 364.1 361.5 3543 366.6  369.1 366.9
SOS-MP2/cc-pVTZ  429.8 4179  409.2 403.8 363.3 3614 3595 356.3 3474 359.1  360.9 358.0
RMP2/cc-pvVQZz 4252 4115 4021 396.7 377.3 3764  376.2 374.9 3745 387.2  390.7 389.6
SCS-MP2/cc-pVQZ 4312 4184  409.3 403.9 370.7 3689 367.5 364.7 360.8 3725 3745 371.8
SOS-MP2/cc-pVQZ 4343 4219 4131 407.6 367.3 3652 363.2 359.6 3539 365.1 366.4 362.9

RMP2koZ 4280 4139 4042 3989  380.0 3789 3787 3773 3789 3913 3946  393.4
SCS-MP2%Z 4345 4213 4121 4066 3737 3718 3703 3673 3653 3767 3786 3756
SOS-MP2Z 437.8 4251 4160 4105 370.6 3683 3662 3624 3585 369.4 3705  366.7
G3(MP2)-RAD 428.4 4143 4044 3987 3610 3594 3584  356.6 3403 3526 356.1 3552
G3-RAD 430.6 4159 4053 3986 3654 3629 3614  359.3 3436 3553 3587 3575
Experimertt 4326 4156 4048 3956 3674 3635 3616  356.1 3405 3485 3530 3459
R—OH R—F

Method R=Me R=Et R=iPr R=tBu R=Me R=Et R=i-Pr R=tBu MAD’ MD?
B-LYP 360.9  360.6 357.9 352.2 4577 4625 465.0 464.7 33.1-32.8
B3-LYP 3585  360.6 359.7 355.9 4471 4542 458.5 460.0 29.0-29.0
B3-P86 377.8 3794 378.8 375.6 4630  469.1 473.2 474.7 14.5-12.6
KMLYP 3749 3808 384.0 384.4 4639 4739 481.7 486.4 81 -58
B1B95 380.8 3835 384.2 382.3 4637 4710 476.3 478.8 12.2-10.0
MPW1PW91 3639  367.8 369.0 367.2 4452 4537 459.6 462.5 25.2-25.2
MPW1B95 3832 3853 385.3 382.6 4652 4718 476.3 478.1 105 -7.1
BB1K 3724 3753 375.6 3735 450.0  457.2 462.1 464.4 14.7-14.4
MPW1K 351.8  355.8 356.9 354.9 4262 4346 440.4 443.1 32.4-32.4
MPWB1K 376.0  379.4 380.4 378.8 4530  460.7 466.2 469.0 11.2-103
BMK 380.4 3852 387.9 388.1 4626 4710 4777 482.2 7.4 -50
RMP2 396.9  409.0 418.2 424.9 4762  490.3 502.2 511.4 19.7 15.1
RMP2/cc-pVTZ 391.6  403.8 412.7 418.7 4653  479.9 491.0 499.1 15.1 12.3
SCS-MP2/cc-pVTZ ~ 377.8  389.2 397.1 402.2 4512 465.1 475.7 483.5 4.3 2.7
SOS-MP2/cc-pVTZ 3709 3820 389.3 394.0 4441  457.8 468.1 475.7 43-2.1
RMP2/cc-pVQZ 399.1 4109 419.2 424.6 476.4  490.1 500.8 508.7 19.6 18.1
SCS-MP2/cc-pVQZ 3856  396.5 403.8 408.3 4623 4754 485.5 492.9 8.7 8.7
SOS-MP2/cc-pvQZ 3789 3894 396.1 400.1 4552 468.0 477.9 485.1 4.2 4.0
RMP2koZ 4043 4159 423.9 429.1 4836  496.9 507.4 515.3 22.7 22.2
SCS-MP2%Z 391.0 4017 408.6 412.8 469.4  482.1 492.2 499.5 13.0 13.0
SOS-MP2Z 3843 3945 401.0 404.7 4623  474.8 484.5 491.6 8.4 8.4
G3(MP2)-RAD 370.6 3817 389.9 395.6 4525 4658 476.9 485.7 2.4 —2.3
G3-RAD 3742 3847 392.8 398.1 4543  467.3 478.2 486.8 0.0 0.0
Experiment 3785  387.8 393.8 395.2 4537 - - - - -

2 Calculated using B3-LYP/6-31G(d) geometries and incorporating scaled zero-point vibrational energy corfestiddET functionals are
used in conjunction with the 6-3#1G(3df,2p) basis set. If not stated otherwise, the 6-8&{3df,2p) basis set is also used for RMPZalculated
using the experimental heats of formation in Table 1, in conjunction with the following additional values (0 K, ) fravh ref 32: —131.8
(neopentane), 38.8qH), 24.7 (OCHy), 77.4 (F), and 216.0°H). ¢ MD and MAD are respectively the mean deviations and mean absolute deviations

from G3-RAD values. Note that the mean deviation and mean absolute deviation of G3-RAD from the experimental values are 1.4 and 3.0 kJ
mol%, respectively.

could serve as a substitute for G3-RAD in larger systems. Theseis thus important to try to identify suitable lower-cost procedures
results reinforce those of previous studies in which the G3- that might be applicable to larger systems. For this reason, we
(MP2)-RAD and G3-RAD methods were shown to provide now examine the performance of the DFT- and MP2-based
chemical accuracy for the heats of formation of various open- methods.

and closed-shell speciéradical stabilization energiésand If we consider first the DFT methods, we note that the pure
the thermodynamics of a variety of radical reacti®#s3536 DFT method (B-LYP) fails comprehensively to reproduce the
Although these composite methods provide a cost-effective correct qualitative trends in the heats of formation. At the G3-
compromise between accuracy and economy, they nonethelesRAD level, the heat of formation decreases substantially with
remain computationally intensive procedures. Even the G3- increasing alkylation of R for all of the RX and R systems.
(MP2)-RAD method is only practical with our existing resources However, at the B-LYP level this decrease in the heat of
for systems of up to approximately 15 non-hydrogen atoms. It formation is greatly diminished for ROH, R—F and R, and
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TABLE 3: Relative Bond Dissociation Energies (kJ mot?, 0 K)2

R—H R—CHs R—OCH;

Method R=Me R=Et R=i-Pr R=t-Bu R=Me R=Et R=i-Pr R=t-Bu R=Me R=Et R=i-Pr R=1t-Bu
B-LYP 0.0 —22.2 —39.2 —-52.0 0.0 —-14.2 -279 —43.2 0.0 —-0.2 -9.7 —25.1
B3-LYP 0.0 —20.1 —35.6 —47.0 0.0 —-11.7 —23.3 —36.5 0.0 2.3 —-5.2 —18.3
B3-P86 0.0 —20.7 -—36.6 —47.9 0.0 —-11.7 —22.8 —34.8 0.0 21 —4.38 —-16.4
KMLYP 0.0 —-18.7 —324 —41.5 0.0 -79 -15.0 —25.2 0.0 6.3 35 -3.9
B1B95 0.0 -21.0 -37.0 —48.7 0.0 -12.0 -23.1 —34.2 0.0 32 -23 —-12.0
MPW1PW91 0.0 —-19.7 -35.0 —46.2 0.0 -10.7 -21.3 —33.8 0.0 43 -1.0 —-11.6
MPW1B95 0.0 —20.7 -36.4 —47.7 0.0 -11.2 214 —-32.8 0.0 25 =35 —-13.7
BB1K 0.0 —-19.6 —34.6 —45.3 0.0 -10.4 —20.2 —-31.1 0.0 32 24 —-12.3
MPW1K 0.0 -18.1 —32.2 —42.3 0.0 -9.1 -18.3 —29.3 0.0 45 -1.0 -11.7
MPWB1K 0.0 —19.4 —34.2 —44.6 0.0 -9.9 -18.9 —29.2 0.0 38 -1.1 —-10.3
BMK 0.0 -17.8 -31.0 —-39.7 0.0 -79 -149 —23.9 0.0 5.2 1.9 -5.2
RMP2 0.0 —-13.8 —23.3 —28.3 0.0 0.1 1.3 1.1 0.0 13.6 18.3 18.5
RMP2/cc-pVTZ 0.0 -—133 -—226 —27.9 0.0 -0.8 -0.9 -2.1 0.0 13.2 171 16.4
SCS-MP2/cc-pVTZ 0.0 -123 -21.2 —26.6 0.0 -1.5 —-2.8 —-5.4 0.0 12.3 14.8 12.6
SOS-MP2/cc-pVTZ 0.0 -11.9 -20.6 —26.0 0.0 -1.9 -3.7 -7.0 0.0 11.8 13.6 10.6
RMP2/cc-pVQZ 0.0 —13.7 -—-232 —28.6 0.0 -1.0 -1.2 —-2.4 0.0 12.7 16.2 15.1
SCS-MP2/cc-pvVQZz 0.0 -—-128 -—-219 —27.3 0.0 —1.8 —3.2 —6.0 0.0 11.7 13.7 11.0
SOS-MP2/cc-pvVQZ 0.0 -124 -21.3 —26.8 0.0 —-2.1 —-4.1 7.7 0.0 11.2 12.5 9.0
RMP2k0Z 0.0 —-14.1 —23.8 —29.1 0.0 -1.1 -1.3 —2.7 0.0 12.4 15.7 14.5
SCS-MP2kZ 0.0 —-13.2 —-225 —-27.9 0.0 -1.9 -3.4 —6.4 0.0 11.4 13.3 10.3
SOS-MP26Z 0.0 —12.7 —-21.8 —27.3 0.0 —2.3 —4.4 —8.2 0.0 10.9 12.0 8.2
G3(MP2)-RAD 0.0 -—-141 -—-24.0 —29.7 0.0 -1.6 —2.6 —-4.4 0.0 12.3 15.8 14.9
G3-RAD 0.0 —14.7 —25.3 —32.0 0.0 —2.5 —4.0 —6.1 0.0 11.7 15.1 13.9
Experiment 0.0 -—-17.0 -27.8 -37.0 0.0 -3.9 —-5.8 —-11.3 0.0 8.0 12.5 5.4

R—OH R—F

Method R= Me R=Et R=i-Pr R=1-Bu R= Me R=Et R=i-Pr R=t-Bu
B-LYP 0.0 -0.3 -3.0 —-8.7 0.0 4.8 7.3 7.0
B3-LYP 0.0 2.1 1.2 —2.6 0.0 7.1 11.4 12.9
B3-P86 0.0 1.6 1.0 —2.2 0.0 6.1 10.2 11.7
KMLYP 0.0 5.9 9.1 9.5 0.0 10.0 17.8 225
B1B95 0.0 2.8 3.4 1.5 0.0 7.3 12.5 15.1
MPW1PW91 0.0 3.9 51 3.3 0.0 8.5 145 17.4
MPW1B95 0.0 2.1 2.1 —-0.6 0.0 6.6 11.1 12.9
BB1K 0.0 2.9 3.2 1.1 0.0 7.2 12.1 14.4
MPW1K 0.0 4.0 5.1 3.1 0.0 8.4 14.2 16.9
MPWB1K 0.0 3.4 4.4 2.8 0.0 7.7 13.2 16.0
BMK 0.0 4.8 7.5 7.7 0.0 8.4 15.1 19.6
RMP2 0.0 12.2 21.3 28.0 0.0 14.1 26.0 35.2
RMP2/cc-pVTZ 0.0 12.3 21.2 27.1 0.0 14.6 25.7 33.8
SCS-MP2/cc-pVTZ 0.0 11.4 19.3 24.4 0.0 13.9 24.5 32.3
SOS-MP2/cc-pVTZ 0.0 11.0 18.4 23.0 0.0 13.7 24.1 31.6
RMP2/cc-pvVQZ 0.0 11.8 20.1 25.5 0.0 13.7 24.4 32.2
SCS-MP2/cc-pvVQZ 0.0 10.9 18.2 22.7 0.0 13.1 23.2 30.6
SOS-MP2/cc-pvVQZ 0.0 10.5 17.2 21.2 0.0 12.9 22.7 29.9
RMP2koZ 0.0 115 19.6 24.8 0.0 13.3 23.9 31.7
SCS-MP2¢bZ 0.0 10.7 17.6 21.9 0.0 12.7 22.8 30.1
SOS-MP26Z 0.0 10.2 16.7 20.4 0.0 12.5 22.2 29.3
G3(MP2)-RAD 0.0 11.1 19.3 25.0 0.0 13.3 24.4 33.2
G3-RAD 0.0 10.5 18.6 23.9 0.0 13.0 23.9 325
Experiment 0.0 9.3 15.3 16.7 - - - -

a Calculated from the BDEs in Table 2.

actually reversed for RH, R—CH; and R-OCHs. This —60.8 to—48.9 kJ mot?t). KMLYP, also optimized for kinetics,
demonstrates the importance of the inclusion of exact Hartree also systematically underestimates the heats of formation (MD
Fock (HF) exchange. The rest of the functionals include a of —14.0 kJ mot?) but has a reasonably low MAD (14.0 kJ
portion of exact exchange that varies from 20% in B3-LYP to mol~1). However, this is primarily achieved through the use of
55.7% in KMLYP, and all of these functionals succeed in a higher-level correction term, the uncorrected KMLYP method
predicting the correct trends in the heats of formation. However, significantly underestimating the heats of formation (MD of
with the exception of BMK, and to a lesser extent KMLYP —179.4 kJ motl). In contrast to the other DFT methods, the
and MPW1B95, none of these functionals reproduce the absoluteBMK functional performs remarkably well in predicting the
values adequately. Indeed in some cases, such as B3-P86, thessbsolute values of heats of formation. The mean absolute
methods overestimat&H; by more than 200 kJ mol. In deviation (MAD) for this method is just 4 kJ midl and the
general terms, the functionals optimized for thermodynamics maximum deviation (which occurs f6Bu—CHs) is reasonably
(such as B1B95, MPW1PW91 and B3-LYP) tend to overesti- small (at 13.2 kJ mot'). It would appear that the simulated
mate heats of formation (MDs of 16.5 to 22.8 kJ miy) variable exchange in BMK succeeds in achieving an accurate
whereas the functionals optimized for kinetics (such as BB1K, description of the heats of formation, at least for the systems
MPW1K and MPWB1K) tend to underestimate them (MDs of examined in the present study.
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Figure 2. Effect of level of theory on the relative bond dissociation energies (kJ¥nfilr R—X species (R= Me, Et,i-Pr, t-Bu; X = H, CHs,
OCH;, OH, F).

Further examination of Table 1 shows that the MP2 methods the nonpolar systems are further reduced as a consequence, those
can produce large errors in the prediction of the absolute heatsfor the polar systems start to increase again. This leads to overall
of formation. When computed with the same basis set as theerrors that are larger, with the infinite-basis-set RMP2 results
DFT methods, i.e., 6-311G(3df,2p), standard RMP2 has an underestimating the heats of formation (MD—26.5 kJ mot?).
MAD of 70.3 kJ mofL. This error is slightly diminished with ~ Standard RMP2 is thus not very suitable for the accurate
the cc-pVTZ basis set (59.8 kJ mé), and further reduced to  calculation of the absolute heats of formation for these systems.
11.3 kJ mot! with cc-pVQZ. In fact, at this level, the errors The SCS-MP2 and SOS-MP2 results are also strongly basis-
for the polar systems (RF, R—OH, and R-OCH;) are very set dependent. In the case of SCS-MP2, the MAD for the cc-
small, whereas those for the less polar systemsHRR—CHs; pVTZ calculations is 61.9 kJ mot and this reduces to 6.4 kJ
and R) are reasonably systematic, the heats of formation being mol~! with the QZ basis set. For SOS-MP2, the corresponding
overestimated by approximately 20 kJ mblIThis slow basis MADs are 62.9 and 5.8 kJ mol with the TZ and QZ basis
set convergence of MP2 (and indeed other ab initio correlated sets, respectively. In general, SCS-MP2 and SOS-MP2 show
methods) is well-known, with convergence typically not achieved performance similar to standard MP2 for the heats of formation
until the QZ or 5Z levef’ If we use the cc-pVTZ and cc-pVQZ  of the present systems. The MADs are marginally larger than
basis set values to extrapolate to the infinite-basis-set limit, the for the corresponding MP2 calculations with the cc-pVTZ basis
heats of formation decrease. Although the errors for many of but around 46 kJ moi! smaller with the cc-pVQZ basis set.
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As in the case of standard RMP2, when we extrapolate to anerrors in the BDEs are much smaller than those for the heats of
infinite basis set, the heats of formation decrease further and,formation, due to a favorable cancellation of errors. The errors
as a result, the errors in the absolute heats of formation actuallyare also much less basis-set dependent. With the standard RMP2
increase, the MDs for SCS-MP2 and SOS-MP2 beitrgfl.2 method, the MADs range from approximately 15 kJ mdivith
and—38.0 kJ mot?, respectively. It thus appears that the small the TZ basis set) to 20 kJ ndl (with the 6-31H-G(3df,2p)
MADs in the cc-pVQZ calculations may be fortuitous. When and QZ basis sets). Not surprisingly then, the BDEs and their
the results are extrapolated to an infinite basis set, the new MP2associated errors at the infinite-basis-set limit are quite similar
methods do not show better accuracy compared with standardto those with the QZ basis set. In some cases the error increases
MP?2 for the calculation of the heats of formation in the present slightly, whereas in others it decreases slightly. Although the
systems. errors are smaller than for the heats of formation, the maximum
On the basis of these results, we conclude that the BMK errors in the standard RMP2 method are nonetheless of the order
method offers the best compromise between accuracy andof 30 kJ mof? for the three basis sets considered, and this
expense for the calculation of absolute heats of formation for method is still not suitable for the accurate prediction of absolute
the systems examined. BDEs. The SCS-MP2 and SOS-MP2 methods perform much
Bond Dissociation Energies!f we consider next the bond ~ Petter than standard MP2. For SCS-MP2, the MADs are 4.3

dissociation energies (Table 2), we first note that G3-RAD again and 8.7 kJ mol* with the TZ and QZ basis sets, respectively,
shows very good agreement with experiment. The MAD is just with corresponding maximum dewatl'ons of 11.3 and 17.2 kJ
3.0 kJ mot?, and in general the errors are less than 4 kJ#nol mol~1. For SOS-MP2, the corresponding values are 4.3 and 4.2
The errors for the ethers-ROCHs are slightly larger than for ~ KJ mol* (MADs) and 11.1 and 10.3 kJ mdl (maximum
the other systems. In particular, th8u—OCH; BDE shows a deviations). Extrapolation to an infinite basis set actually leads
deviation from the experimental value of 11.6 kJ miol to worse results for all three MP2-based methods.
however, even in this case, the error is only slightly larger than ~ Although the performance of standard RMP2 is quite poor
the total quoted experimen[a| uncertainty (9 kJ Tﬁ))lAS in for the abSO'UteBDES, all of the MP2-based methods perform
the case of the heats of formation, the G3(MP2)-RAD BDEs quite well for therelative BDEs (see Figure 2). Like G3-RAD
show excellent agreement with the G3-RAD values (MAD 2.4 and G3(MP2)-RAD, the RMP2 procedures slightly underesti-
kJ mol) and would serve as a suitable benchmark level of mate the stabilizing effect on the- BDEs of going from R
theory when G3-RAD calculations are impractical. Comparison = Me to R=t-Bu, but generally the errors in the relative BDEs
with the experimental values in Figure 2 shows that, in general, are quite small and the qualitative trends are generally reason-
both G3-RAD and G3(MP2)-RAD slightly underestimate the ably reproduced. Of the MP2-based methods, SOS-MP2 is
stabilizing effect on R X BDEs of going from R= Me tot-Bu. particularly attractive because, as noted above, it can be framed
In general, the absolute errors at the lower levels of theory &S & fourth-order method and thus offers promise for large
for the BDEs are much smaller than for the heats of formation SYStemMs.
due to a favorable cancellation of error. The MADs for the DFT

methods range from 7 to 8 kJ mél(for KMLYP and BMK)
to approximately 30 kJ mot (for B-LYP, B3-LYP, MPW1K

4., Conclusions

In the present work, we have examined the performance of

and MPWPW91). Of these methods, BMK is particularly 5 \ariety of lower-cost DFT and MP2-based methods for the

attractive because (as we saw above) it also shows excellen

performance for the heats of formation (MAD 4 kJ mbland

tprediction of absolute and relative—X bond dissociation

energies (BDEs) for R= Me, Et,i-Pr andt-Bu, and X= H,

it does not include an empirical higher-level correction term. CHs, OCHs, OH and F. The results indicate that the DFT

An examination of Figure 2 and Table 3 reveals that all of methods considered, including several “new generation” func-
the DFT methods suffer to a greater or lesser extent from the tionals (KMLYP 6 B1B9517 MPW1PW91!8 MPW1B951°

tendency seen previously with B3-LYP to overestimate the g1k 2 MPW1K 20 MPWB1K!® and BMK2), can show

BDE-lowering effect accompanying increasing alkylation dfR.  sjgnificant systematic errors and, in a number of cases, fail
Of the various methods, B-LYP shows the largest systematic comprehensively to reproduce the correct qualitative trends in
errors, pl’edICtIng qua“tatlvely incorrect behaVIOI’ f0r the etheI’S the R—X BDEs. These errors are a Consequence of a Systemaﬂc

and alcohols. KMLYP and BMK show the smallest systematic yerestimation by all the DFT procedures of the stabilizing effect
errors, and the other methods fall between these two extremeson R-X BDEs of going from R= Me to R = t-Bu. Of the

However, it should be stressed that even the best DFT methodshET methods, KMLYP® and particularly BMK! show the

show significant systematic errors in the prediction of the smallest systematic errors in the relative BDEs, and provide
relative BDEs. reasonable performance for the absolute BDEs and heats of
As a consequence of the observed overestimation of theformation for the reactions considered. In contrast, the MP2-
stabilizing effect in going from R= Me to R = t-Bu on the based methods generally show larger errors (than the best DFT
R—X BDEs, it is clear that caution needs to be exercised in methods) for the absolute heats of formation and BDEs, but
applying DFT procedures to such problems. More broadly, it better behavior for the relative BDEs. Of these procedures, SOS-
is likely that some of these DFT procedures would be unsuitable MP2 is particularly promising as a method that is potentially
for studying (and hence rationalizing) the effect of substituents less computationally intensive than standard MP2.
on bond energies, and that other important quantities that depend
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