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Geometries, barriers, and enthalpies have been calculated at a variety of levels of theory for a test set of
seven H-atom abstraction reactions: &kl + CHzY — CH3X + CH,Ye for (X,Y) = (H,H), (F,H), (Li,H),

(Li,F), (CN,H), (OH,H), and (OH,CN). The objective was to select reliable yet cost-effective theoretical
procedures for studying H-atom abstraction reactions that involve carbon-centered radicals, to facilitate the
study of these reactions in biological and polymerization applications. To this end, geometry optimizations
have been observed to be relatively insensitive to the level of theory, although the Hartree-Fock (HF) and
Moller-Plesset second-order perturbation (MP2) methods should be avoided for spin-contaminated systems.
The QCISD/6-31G(d) method provided excellent agreement with CCSD(T)/6-311G(d,p) and would provide
a suitable benchmark level of theory when the latter could not be afforded, whereas MPW H<ZEge3f)
provided excellent low-cost performance and would thus be suitable for larger systems. Barriers and enthalpies
were more sensitive to the level of theory; nonetheless, the various high-level composite procedures (including
the G3, G3-RAD, CBS, and W1 families of methods) were generally in excellent agreement with each other.
However, in the spin-contaminated reactions, the spin-correction term in the CBS-QB3 procedure seems to
be introducing a systematic error and may require some adjustment. The MPW1K#&&3df,2p) method
provided excellent low-cost performance, and would be suitable for larger systems, whereas the RMP2/6-
311+G(3df,2p) method also performed well, especially for predicting the reaction enthalpies and other
thermochemical properties.

1. Introduction thermochemical data (such as atomization energies, heats of

H-atom abstraction between carbon-centered radicals has arformation, ionization potentials, and electron affinities), these
important role in a variety of chemical and biochemical Procedures have been found to display “chemical accuracy”

processes. For example, in free-radical polymerization, the ShOWing deviations from experiment on the order ef21kJ/
propagating polymeric radical can undergo a variety of inter- Mol for the highest-level procedures (such as W1 and W2),
molecular and intramolecular hydrogen abstraction reactions, @hd 4-8 kd/mol for the lower-cost G3 and CBS proceduités.
which affect the molecular weight and architecture of the  The systematic comparison of the performance of the
resulting polymer. In the biological field, H-atom abstraction alternative high-level procedures (i.e., the CBS, G3, G3-RAD,
by the adenosyl radical is the key activation step in co-enzyme and Wn methods) does not seem to have been performed on
B-12 mediated processes such as diol dehydratase, whereaany large scale for hydrogen abstraction reactions. However,
H-atom abstraction reactions that involve polypeptide radicals there have been many isolated studies, which indicate that
are associated with various physiological disorders such ascomposite methods may provide accurate barriers for such
arteriosclerosis and Alzheimer's disease. The calculation of reactions. For example, the use of CCSD(T) energies with a
electronic-structure information for these reactions provides an large basis set was shown to reproduce the experimental barriers
important tool for understanding their mechanisms. However, and enthalpies of 22 hydrogen abstraction reactions wittin
it is important to identify reliable yet cost-effective theoretical kJ/mol® This effectively represents an unextrapolated version
procedures that can be applied to the (typically large) systemsof the Wn methods, and, thus, one might expect even better
that are relevant to biological and polymerization processes. results from the Wn methods themselves. Another large study
The development of composite ab initio procedures, such asfound that the CBS-APNO method reproduced experimental
the G3; G3-RAD? CBS? and Wit families of methods, has  parriers for hydrogen abstraction reactions to within 4 kJ/fnol.
provided access to accurate electronic structure properties, at arhe same study noted that the errors in the barriers at the G2
fraction of the cost of the corresponding “pqre” a_b initio javel of theory were much larger (12 kJ/mol) but were
methoqs_ The composite procedures accomphsh this feat byconsidel’ably reduced for reaction enthalpies. Moreover, the
approximating CCSD(T) or QCISD(T) energies with alarge or gap variants of G3 have been shown to provide excellent
infinite basis set, using additivity and/or extrapolation correc- estimates of radical stabilization enerdiesid, hence, should

tions. Depending on the procedure, various additional correctionsy, expected to provide excellent hydrogen abstraction enthalpies.

(S?C(T ?/?/ﬁorrecnons f(()jr spfrprbgtlcoupllngz aretals? incorpo- tI would therefore be of interest to compare the performance of
rated. en assessed against large tests sets of expernmentyls 53 RAD and also the latest non-RAD G3 methods for
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comparison would be of particular interest, because it has mance for studying hydrogen abstraction reactions in large
recently been noted that the (empirically based) spin-contamina-systems. However, it is important to assess their performance
tion correction term in the CBS procedures seems to be for hydrogen abstraction reactions that involve carbon-centered
introducing a systematic error in the calculations of other radical radicals (which are of interest to the polymer and biochemical
reactions, such as the addition to multiple bé#dsind N-H fields), particularly when polar effects are important.
bond dissociation energiés. In the present work, the accuracy of theoretical procedures
When high-level composite procedures cannot be afforded, for calculating the geometries, barriers, and enthalpies for
hybrid density functional theory (DFT) methods, such as B3- hydrogen abstraction reactions that involve carbon-centered
LYP, are usually adopted. These methods frequently offer accesdadicals is assessed, with the aim of identifying reliable yet cost-
to accurate structural and thermochemical properties for stable€ffective procedures that can be applied to larger systems. To
molecules, at a fraction of the computational cost of ab initio Provide a critical test of the alternative computational proce-
methods of comparable accura@However, they often show  dures, the following test set of seven reactions was selected to
considerable errors for barrier heights and transition-state include the prototypical system (reaction 1), and reactions that
geometries. For example, in radical addition ts€bonds, the involve both strongr acceptor and donor substituents (reactions
popular hybrid DFT method B3-LYP significantly overestimates 2—4), and strongr acceptor and donor substituents (reactions
the forming bond lengths in the transition structures and 5-7)
underestimates the reaction barrighs fact, for these reactions,
the B3-LYP method also shows considerable errors in the CHge + CH, — CH, + CHge (1)
reaction enthalpies as wéll.The failure of B3-LYP for

calculating the barrier heights in hydrogen abstraction reactions CHpFe + CH, = CHGF + CHge 2)

is also well-documente®l’:13-16 and mean absolute errors of CH,Lie + CH, — CH,Li + CHye (3)
13—17 kJ/mol and maximum errors of over 30 kJ/mol have ) )

been reported when the method is assessed against large test CHylie 4+ CH;F — CHsLi + CH,Fe (4)
sets of experimental barrier heiglits!3Interestingly, it has been . . .

noted that the largest errors in the B3-LYP method often occur CH,CNe + CH, = CH,CN + CH,§ )
when polar effects are significatt!> and this trend has also CH,OHs + CH, — CH,OH + CH,e (6)
been noted in radical addition reactiéhand in R-X bond

dissociation energies (BDES)In this latter case, the B3-LYP CH;0OHe + CH;CN — CH;0H + CH,CNe (7)
method even fails to reproduce the correct qualitative ordering

of the BDEs for the series R Me, Et,i-Pr, andt-Bu, when X In the present work, the focus is on the selection of reliable
is an electronegative substituent (such as OH or @&HThis computational procedures for the calculation of accurate elec-

result suggests that, for polar hydrogen abstraction reactions,tronic-structure information. The reliable calculation of reaction
the B3-LYP method may show considerable errors for the rates for hydrogen abstraction reactions is complicated by
enthalpies (which are the difference of two BDES), as well as additional issues, such as the treatment of quantum mechanical
for the barriers. tunneling, and will be the subject of a separate study.

To provide improved low-cost performance for calculating )
barrier heights, two new hybrid DFT methedslPW1K&13.18 2. Theoretical Procedures
and KMLYP’—have recently been designed. For specific details  standard ab initio molecular orbital thedtyand DFTP2
on these new methods, the reader is referred to the original .gjculations were performed using the GAUSSIAN?98]OL-
references. However, note that one important difference betweenpro 2000.64 and ACESII 3.6° programs. Unless noted
these methods and B3-LYP is the inclusion of a greater gtherwise, calculations on radicals were performed with an
proportion of the HartreeFock (HF) exchange functional (0.428  ynrestricted wave function. In cases where a restricted-open-
for MPW1K®>*318and 0.557 for KMLYP] compared to 0.20  shell wave function has been used, it is designated with an “R”
for B3-LYP'). The optimum balance between the DFT prefix. The frozen-core approximation was used in all calcula-
exchange (which is too localized) and the HF exchange (which tions except where full calculations were required as part of a
is too diffuse) is believed to be different for barrier heightg, standard composite method.
compared to stable species (for which the B3-LYP method was  The objective of this work is to assess the accuracy of various
originally optimized®). The methods also differ from B3-LYP  theoretical procedures; therefore, a variety of levels of theory
in the specific functionals that they use. The KMLYP method \vere used for the optimization of geometries and the calculation
omits the B88 gradient correction term of B3-LYP, for which  of parriers and enthalpies. Geometries of the reactants, transition
compensation is made via the inclusion of the larger fraction structures, and products in the abstraction reaction® Were
of HF exchange, and also through a higher-level correction optimized using the RHF, HF, RB3-LYP, B3-LYP, MPWIR,
term’ The MPW1K method use the modified Perdew-Wang KMLYP,” RMP2, MP2, QCISD, and (where possible) CCSD-
gradient-corrected exchange and the correlation functionals of(T) methods, in conjunction with a variety of small to large
Adamo and Baron&) which are thought to display improved  pasis sets. Care was taken to ensure that the geometries for each
long-range behavidr. species corresponded to the global (rather than merely local)

These new hybrid DFT techniques have been extensively minimum energy structure by first screening alternative con-
assessed against (independent) test sets of over 40 hydrogeformations at the HF/6-31G(d) level. To assess the effect of
abstraction reactions that involve the tdical and were found  the geometry level on resulting barriers and enthalpies of the
to display greatly improved performance over B3-LYP. For reactions, single-point energy calculations were performed on
barrier heights, MPW1K and KMLYP showed mean absolute each geometry at the CCSD(T)/6-32G&(d,p) level.
errors of 7.5 and 3.8 kJ/mol, respectivéfyy.For reaction To identify suitable methods for calculating the energies, the
enthalpies, the corresponding errors were 7.1 and 5.0 kJ/mol.barriers and enthalpies for the seven abstraction reactions were
Thus, these new methods promise excellent low-cost perfor-then calculated over a wide range of low to very high levels of
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theory. To assist in the interpretation of the results, theHC - 2 2a0
BDEs of the closed-shell G¥ (X = H, F, Li, CN, OH) 1 (D34, “Azu) 2(Cyy AT
molecules and radical stabilization energies (RSEs) of the
correspondingCH,X radicals (defined as the energy change
for the reaction Chl + «CH,X — ¢CH3z + CH3X) were also
calculated. Several high-level composite methods were among
the levels of theory considered, including G3X and G3X-
(MP2)26 G3X-RAD and G3X(MP2)-RAD? CBS-QB3327and
W1.2829For a detailed description of these procedures, the reader
is referred to the original references. To explore whether the
spin-contamination correction term in the CBS procedures is
introducing a systematic error to the calculations of the present
work, the energies were also calculated with a modified CBS-
QB3 method (denoted as U-CBS-QB3) in which the spin term
was omitted. Calculations using several lower-level single-point
energies were also included for the purpose of identifying a
suitable low-cost procedure for studying larger systems. These
included the hybrid DFT methods B3-LYP, RB3-LYP, MPW1K,
and KMLYP, and also the RMP2 method, in conjunction with
the 6-31G(d,p) and 6-311G(3df,2p) basis sets. To ensure
that comparisons between the alternative procedures were not
obscured by differences in the geometries and zero-point
vibrational energy, the energy calculations were performed for
geometries at the QCISD/6-311G(d,p) level of theory in all
cases, whereas the zero-point vibrational energy was obtained
using scale¥ QCISD/6-31G(d) frequencies. As noted previ-
ously, the objective of the present study is to identify reliable
theoretical procedures for obtaining the geometries, barriers, and
enthalpies in hydrogen abstraction reactions, rather than to
predict actual reaction rates or Arrhenius parameters. For this
reason, the barriers are reporte® & and tunneling corrections
are not included.

) ) Figure 1. Schematic representation of the transition structures for the
3. Results and Discussion hydrogen abstraction reactions. Calculated values for the relevant bond

. . lengths rl and r2 at a variety of levels of theory are provided in Table
3.1. GeometriesGeometries of the reactants, products, and 1.

transition structures in reactions-I were optimized at a variety

of low to very high levels of theory. The main features of the calculations with the highest-level geometries. The correspond-
transition structures for the seven reactions are shown in Figureing restricted levels of theory, RHF and RMP2, show slightly
1, whereas the corresponding forming- and breaking-bond jmproved performance; however, the best low-cost methods are
lengths at a variety of levels of theory are given in Table 1. the hybrid DFT procedures, which generally show errors bf
The geometries of all species (at all levels of theory shown in kj/mol. Of the alternative procedures, the MPW1K method
Table 1) are provided in the Supporting Information. shows the smallest average deviations, although the B3-LYP
Examination of Table 1 shows that the transition structure and KMLYP procedures also show excellent performance. The
geometries are relatively insensitive to the level of theory. The QCISD geometries provide an excellent approximation to the
average deviation from the highest-level values is generally of more-expensive CCSD(T) geometries and, thus, would be
the order of 0.02 A, and the maximum deviation<i§.1 A in suitable as a benchmark level of theory when the latter cannot
all cases. Among the various methods, the QCISD method be afforded.
provides excellent agreement with the considerably more Examining the enthalpies (Table 3) next, we find that the
expensive CCSD(T) level of theory, whereas the hybrid DFT results are similar to those for the barriers. In particular, large
methods MPW1K and KMLYP provide excellent low-cost errors (up to 7.1 kJ/mol) are observed at the HF and MP2 levels
performance. The average deviations from the high-level valuesof theory for the reactions that involve the spin-contaminated
are larger with the HF, B3-LYP, and MP2 methods, although, «CH,CN radical, and these errors are somewhat reduced, using
as noted previously, they are still quite small. the corresponding restricted procedures RHF and RMP2. Once
To examine the effect of these variations in the geometry again, the QCISD method provides excellent approximations
level on the calculated barriers and enthalpies, single-point to the high-level geometries, whereas the hybrid DFT procedures
energy calculations were performed on each geometry, using aprovide excellent low-cost performance. Of the alternative DFT
consistent level of theory (CCSD(T)/6-3t6G(d,p)). The result- procedures, the B3-LYP and MPW1K methods, in conjunction
ing barriers and enthalpies are shown in Tables 2 and 3, with a small or moderate basis, provide the best performance,
respectively. Examining the barriers first, we find that the showing average deviations of 6:0.2 kJ/mol and maximum
calculated barriers agenerallyinsensitive to the level of theory  deviations of up to 0.6 kJ/mol in all cases.
used in the geometry optimization. However, in the case of the Based on the combined results in Tables3] the main
reactions that involve the spin-contaminated radz,CN conclusions are that geometry optimizations are relatively
(e.g.,[F0= 0.924 at the HF/6-31G(d) level of theory), the HF insensitive to the level of theory; however, the HF and MP2
and MP2 methods show errors of 5 kJ/mol, compared to the methods should be avoided for spin-contaminated systems.
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TABLE 1: Effect of Level of Theory on the Forming and Breaking Bond Lengths (A) in the Optimized Hydrogen Abstraction
Transition Structures

Hy(F)C--- Hay(Li)C-+- Ha(Li)C:-- Hy(CN)C--+ Ho(OH)C--- Hy(OH)C:--
HsC--He+CH H-+-CHjz H-+-CHjz H-+-CH,F H-+-CHz H-++CHj H-+-CH,CN
level of theory rl rl r2 rl r2 rl r2 rl r2 rl r2 rl r2

RHF/6-31G(d) 1.337 1.333 1.337 1.298 1.413 1270 1479 1345 1329 1323 1363 1.315 1381
HF/6-31G(d) 1.357 1.353 1359 1315 1439 1285 1510 1.347 1369 1.342 1387 1351 1.382
HF/6-311G(d,p) 1.357 1.354 1358 1.315 1.444 1284 1512 1350 1.363 1.340 1.388 1.344 1.388
HF/6-311-G(3df,2pd) 1.356 1.355 1.357 1315 1442 128 1507 1351 1.361 1.342 1385 1.343 1.388
RB3-LYP/6-31G(d) 1.345 1.319 1.384 1.267 1466 1249 1553 1303 1401 1.295 1.433 1344 1.393
B3-LYP/6-31G(d) 1.348 1.321 1388 1.269 1469 1.252 1552 1300 1411 1296 1438 1351 1.388
B3-LYP/6-31G(2df,p) 1.348 1.319 1.392 1.267 1473 1249 1559 1.299 1411 1294 1442 1349 1.392
B3-LYP/6-311G(d,p) 1.348 1323 1.381 1.272 1469 1257 1539 1302 1406 1.294 1437 1345 1.392
B3-LYP/cc-pVTZ 1.347 1.326 1376 1.275 1459 1261 1525 1.302 1403 1.298 1.428 1.346 1.386
B3-LYP/6-31H-G(3df,2pd) 1.346 1.330 1371 1276 1459 1.261 1526 1303 1401 1.302 1421 1346 1.382
MPW1K/6-31G(d) 1.335 1316 1.362 1.265 1451 1.227 1558 1303 1374 1293 1407 1325 1.382
MPW1K/6-31+G(d,p) 1.333 1323 1.349 1264 1449 1219 1568 1305 1.367 1.295 1.398 1.319 1.380
MPW1K/6-31H-G(3df,2pd) 1.333 1.320 1.353 1.264 1450 1.230 1542 1305 1366 1294 1.399 1.318 1.383
KMLYP/6-311+G(3df,2p) 1.326 1.312 1.345 1258 1440 1.227 1520 1300 1.356 1.286 1.390 1.312 1.382
RMP2/6-31G(d) 1.338 1276 1403 1229 1.494 1202 1597 1276 1.406 1259 1.442 1333 1.381
MP2/6-31G(d) 1.332 1.319 1.348 1.269 1423 1.227 1538 1.359 1.298 1.299 1.386 1.268 1.441
MP2/6-311G(d,p) 1.327 1.310 1.348 1.258 1.435 1.226 1526 1.357 1.292 1.286 1.390 1.253 1.457
MP2/6-311G(3df,2pd) 1.324 1314 1.339 1257 1431 1220 1520 1.353 1.290 1.290 1.379 1.254 1.446
QCISD/6-31G(d) 1.347 1335 1.362 1286 1439 1251 1545 1327 1368 1316 1400 1.334 1.391
QCISD/6-311G(d,p) 1.341 1.328 1359 1.276 1.449 1243 1543 1.322 1362 1305 1.400 1.323 1.392
CCSD(T)/6-31G(d) 1.347 1.334 1.364 1.283 1.441 1.247 1554 1.327 1.368

CCSD(T)/6-311G(d,p) 1.341 1.328 1.357 1274 1.449 1242 1544 1323 1.356

TABLE 2: Effect of Geometry on Hydrogen Abstraction Barriers?

CHyFe + CHyLie + CHyLie + CH,CNoe + CHy(OH)e + CH(OH)e +
CHae + CHs CHa CHa CHsF CHa CHa CHsCN

level of theory for geometry  fwd = rev fwd rev fwd rev fwd rev  fwd rev fwd rev fwd rev
RHF/6-31G(d) 78.1 838 701 917 514 339 73 888 599 94.9 59.9 65.8 59.7
HF/6-31G(d) 78.5 845 703 924 522 343 83 947 595 95.6 60.3 65.1 64.9
HF/6-311G(d,p) 78.5 846 704 925 523 343 83 953 594 95.8 60.4 65.5 66.0
HF/6-311G(3df,2pd) 78.3 845 703 924 522 343 83 952 591 95.7 60.2 66.1 66.6
RB3-LYP/6-31G(d) 78.2 842 704 919 518 358 95 912 603 95.7 60.7 65.8 61.7
B3-LYP/6-31G(d) 78.2 842 704 919 518 357 94 908 601 95.8 60.7 65.8 61.5
B3-LYP/6-31G(2df,p) 78.2 841 704 918 518 354 9.1 90.7 60.0 95.7 60.7 65.9 61.6
B3-LYP/6-311G(d,p) 78.2 839 705 920 519 352 86 91.0 600 95.7 60.8 65.6 61.7
B3-LYP/cc-pVTZ 78.2 839 706 921 519 348 79 911 601 95.6 61.0 65.6 61.9
B3-LYP/6-311+G(3df,2pd) 78.2 839 707 921 520 349 79 912 601 95.6 61.1 65.8 62.4
MPW1K/6-31G(d) 78.0 844 705 919 518 347 86 916 60.1 95.9 60.7 65.6 61.8
MPW1K/6-31+G(d,p) 78.2 84.2 707 921 519 349 82 917 60.2 95.8 61.0 65.6 62.2
MPW1K/6-31HG(3df,2pd) 78.1 839 708 921 519 351 81 919 601 95.5 61.1 65.0 62.3
KMLYP/6-311+G(3df,2p) 78.2 839 711 921 521 361 89 922 602 95.3 61.2 65.4 63.3
RMP2/6-31G(d) 78.0 824 688 913 509 349 80 901 594 94.3 59.4 67.5 63.3
MP2/6-31G(d) 78.2 844 709 923 519 350 81 878 604 95.8 60.9 65.8 58.2
MP2/6-311G(d,p) 78.3 845 708 922 520 351 86 869 621 96.0 61.0 67.1 56.9
MP2/6-311G(3df,2pd) 78.3 844 709 923 521 349 82 866 627 95.9 61.1 68.0 57.1
QCISD/6-31G(d) 78.2 843 708 921 518 349 80 916 60.6 95.8 60.9 65.4 61.5
QCISD/6-311G(d,p) 78.1 843 706 920 518 348 82 915 604 95.9 60.8 65.4 61.5
CCSD(T)/6-31G(d) 78.2 843 708 922 518 350 81 916 60.6
CCSD(T)/6-311G(d,p) 78.1 843 707 920 518 350 84 918 60.7

a Calculated at the CCSD(T)/6-3115(d,p) level of theory. Values given in units of kJ/m6IK values and zero-point vibrational energy not
included.

Problems with these latter methods have previously been core correlation, relativistic effects, and spiorbit coupling in
reported for other types of radical reactions, such as radical atoms. As noted previously, when assessed against large test
addition to alkene$!-32and may well be a general feature of sets of experimental thermochemical data, this method has been
radical reactions. The hybrid DFT methods provide excellent observed to display deviations from experiment@ kJ/mol#
low-cost performance, with a method such as MPW1K/6-G1 The W1 method is thus treated as the benchmark level of theory
(d,p) being preferred for reaction barriers. The QCISD method in the current study, and the mean absolute deviation (MAD)
provides an excellent benchmark level of theory for optimizing from the corresponding W1 results at the other levels of theory
the geometries for these reactions. is included in Table 4. Where available, corresponding gas-
3.2. Thermochemistry.Having studied the effects of geom- phase experimental values are also included in Table 4. These
etry, the enthalpies for the seven reactions were calculated at avere calculated using the experimental values for the BDEs of
variety of levels of theory, using a consistent set of geometries the closed-shell CkX species at 0 K, as reported in ref 8.
(optimized at the QCISD/6-311G(d,p) level of theory), and the ~ Comparing the alternative composite procedures first, we find
results are shown in Table 4. The highest-level procedure that there is generally excellent agreement among the alternative
included in the study is the W1 method, which approximates methods. The largest MAD occurs for the CBS-QB3 procedure
coupled cluster energies [URCCSD(T)] with an infinite basis (2.2 kJ/mol); in all other cases, the MADs are 1.1 kJ/mol or
set using extrapolation procedures, and includes corrections forless. On closer examination, we find that the CBS-QB3
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TABLE 3: Effect of Geometry on Hydrogen Abstraction Enthalpies?
level of theory for geometry Cid + CH; CHaFe + CHy CHalie + CH, CHoLie + CHsF CH,CNe + CH,; CHa(OH)e + CHs CHx(OH)e + CH;CN

RHF/6-31G(d) 0.0 13.7 403 26.6 28.9 35.0 6.0
HF/6-31G(d) 0.0 14.1 40.2 26.0 35.1 35.3 0.2
HF/6-311G(d,p) 0.0 14.2 40.1 25.9 36.0 35.4 ~0.6
HF/6-311G(3df,2pd) 0.0 14.2 40.2 26.0 36.1 35.6 -05
RB3-LYP/6-31G(d) 0.0 13.8 40.1 26.3 30.9 35.0 4.1
B3-LYP/6-31G(d) 0.0 13.8 40.1 26.3 30.7 35.1 4.3
B3-LYP/6-31G(2df,p) 0.0 13.8 40.1 26.3 30.7 35.0 43
B3-LYP/6-311G(d,p) 0.0 13.4 40.0 26.6 31.0 34.9 3.8
B3-LYP/cc-pVTZ 0.0 13.3 40.2 26.9 31.1 34.7 3.6
B3-LYP/6-311G(3df,2pd) 0.0 13.2 40.1 27.0 31.0 34.4 3.4
MPW1K/6-31G(d) 0.0 14.0 401 26.2 31.4 35.2 3.7
MPW1K/6-31+G(d,p) 0.0 13.5 40.2 26.6 315 34.9 3.4
MPW1K/6-31H-G(3df,2pd) 0.0 13.1 40.2 27.0 31.8 345 2.6
KMLYP/6-311+G(3df,2p) 0.0 12.8 40.0 27.2 32.0 34.1 2.1
RMP2/6-31G(d) 0.0 135 40.4 26.9 30.8 35.0 4.2
MP2/6-31G(d) 0.0 13.5 40.4 26.9 27.4 34.9 7.5
MP2/6-311G(d,p) 0.0 13.6 40.2 26.6 24.8 35.0 10.2
MP2/6-311G(3df,2pd) 0.0 13.5 40.3 26.7 23.9 34.8 10.9
QCISD/6-31G(d) 0.0 13.5 40.3 26.8 30.9 34.8 3.9
QCISD/6-311G(d,p) 0.0 13.7 40.2 26.5 31.2 35.0 3.9
CCSD(T)/6-31G(d) 0.0 1355 40.4 26.9 31.0 34.9 3.9
CCSD(T)/6-311G(d,p) 0.0 13.6 40.2 26.6 31.0 35.0 4.0

a Calculated at the CCSD(T)/6-3115(d,p) level of theory. Values given in units of kJ/m6IK values and zero-point vibrational energy not
included.

TABLE 4: Effect of Level of Theory on Hydrogen Abstraction Enthalpies?

level of theory CHe + CHy CHaFe 4+ CHy CHyLie + CHy CHylie + CHaF CH,CNe 4+ CHy CHp(OH)e + CHyq CHo(OH)e + CH3CN MADP
MPW1K/6-314G(d,p) 0 13.4 31.6 18.2 38.0 33.9 —-4.1 24
MPW1K/6-311G(3df,2p) 0 14.9 34.2 19.3 37.3 34.8 -2.5 2.2
KMLYP/6-31+G(d,p) 0 13.9 33.0 19.1 38.6 355 —-3.2 24
KMLYP/6-311+G(3df,2p) 0 15.2 35.2 20.0 37.8 36.8 -0.9 25
B3LYP/6-31+G(d,p) 0 15.7 34.1 18.4 44.3 38.0 —6.4 4.8
B3LYP/6-31HG(3df,2p) 0 17.5 35.6 18.1 43.9 39.1 —4.38 5.3
RB3LYP/6-31-G(d,p) 0 15.9 34.9 19.0 40.3 38.2 -2.1 35
RB3LYP/6-311G(3df,2p) 0 17.6 36.4 18.8 40.0 39.3 -0.7 4.0
RMP2/6-3HG(d,p) 0 8.3 29.0 20.6 29.9 29.0 -0.9 3.1
RMP2/6-311G(3df,2p) 0 12.3 30.9 18.6 31.0 32.1 1.0 1.3
G3X(MP2) 0 13.0 32.3 19.3 32.6 32.8 0.3 0.6
G3X 0 12.4 334 21.0 331 32.7 -0.5 0.7
G3X(MP2)-RAD 0 11.8 317 20.0 31.9 31.6 -0.2 11
G3X-RAD 0 12.4 333 20.8 33.0 32.7 -0.2 0.6
CBS-QB3 0 13.3 34.1 20.8 38.3 33.8 —-45 2.2
U—CBS-QB3 0 134 34.2 20.8 335 33.8 0.3 0.6
w1 0 13.0 33.1 20.2 32.7 33.6 1.0 0
experimerft 0 14.8+5 41.7+ 4.8 359+ 1.7 —5.8+6.5

a At 0 K. Values are given in units of kJ/mol. Based on QCISD/6-311G(d,p) geometries and includes zero-point vibrational energy at the QCISD/
6-31G(d) level of theory? Mean absolute deviatioi.Calculated using the experimental values for the bond dissociation energies of tfe CH
species reported in ref 8 and references therein.

procedure also shows deviations from W1 of 1 kJ/mol or less, The comparisons against the benchmark W1 values (and the
except for the two reactions that involve the spin-contaminated other composite procedures) thus suggest that the spin-correction
*CH,CN radical, for which larger deviations (5-%.6 kJ/mol) term is introducing a systematic error to the CBS-QB3 enthalpies
occur. In these cases, the deviations from W1 (and the otherfor the spin-contaminated reactions. However, in contrast to this
composite methods) are reduced considerably when the cor-result, when the calculated reaction enthalpies are compared
rection term in the CBS method is omitted (i.e., the U-CBS- with the available gas-phase experimental values, we find that
QB3 procedure). This mirrors the earlier results for radical the spin-corrected CBS-QB3 procedure actually shows the
addition barrier$!® and N-H BDESs'! and suggests that the closest agreement with the experimental values. Hence, it would
(empirically based) spin-contamination correction term in the seem that either the spin-correction term in the CBS methods
CBS procedures may be overestimating the effects of spinis correct (and there is, thus, a problem with URCCSD(T) theory
contamination in these radical reactions. Indeed, an alternativein spin-contaminated systems) or, alternatively, the experimental
estimate of the errors due to spin contamination may be obtainedvalues may be in error. To probe this question further, the
by comparing corresponding “RAD” and “non-RAD” versions corresponding €H BDEs for the closed-shell GIX species

of the G3 methods, for which the principal difference is the and RSEs for the open-shelLH,X species were calculated at
use of restricted-open shell and unrestricted procedures, respecthe various levels of theory, and the results are shown in Table
tively. For the two spin-contaminated systems of the present 5. The performance of various levels of theory for predicting
work, the difference between the enthalpies obtained with these quantities have been assessed previéusiywever, the
corresponding RAD and non-RAD G3 procedures<is kJ/ values are of interest in the present work because the enthalpies
mol, and this is considerably less than the spin-correction term for the hydrogen abstraction reactions can be calculated as the
in the CBS-QB3 procedure for these reactions (4.8 kJ/mol). difference of the BDEs of the respective closed-shell species
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TABLE 5: Effect of Level of Theory on Radical Stabilization Energies (RSEs) of the Alkyl Radicals (R) and Corresponding
R—H Bond Dissociation Energies (BDESs) of the Closed-Shell Species

*CHz «CHoF oCHolLi «CHCN +«CH,OH MADP

level of theory BDE RSE BDE RSE BDE RSE BDE RSE BDE RSE BDEs RSEs
MPW1K/6-31+G(d,p) 419.1 0 4057 13.4 387.4 316 3811 38.0 385.2 33.9 126 1.9
MPW1K/6-31HG(3df,2p) 414.7 0 399.8 14.9 380.5 34.2 377.4 37.3 379.9 34.8 178 22
KMLYP/6-31+G(d,p) 448.1 0 4342 13.9 415.1 33.0 409.5 38.6 412.7 355 156 22
KMLYP/6-311+G(3df,2p) 444.1 0 4289 15.2 408.9 35.2 406.3 37.8 407.2 36.8 108 3.2
B3LYP/6-314+-G(d,p) 428.7 0 413.0 15.7 394.6 34.1 384.3 44.3 390.7 38.0 6.0 4.9
B3LYP/6-31H-G(3df,2p) 424.2 0 406.7 175 388.5 35.6 380.3 43.9 385.1 39.1 11.3 59
RB3LYP/6-3H-G(d,p) 432.3 0 4164 15.9 397.4 349 3920 40.3 394.1 38.2 25 42
RB3LYP/6-311G(3df,2p) 428.4 0 4107 17.6 392.0 36.4 3884 40.0 389.1 39.3 6.6 52
RMP2/6-3H-G(d,p) 409.8 0 4015 8.3 380.9 29.0 379.9 29.9 380.8 29.0 177 41
RMP2/6-311#G(3df,2p) 416.9 0 404.6 12.3 386.1 30.9 385.9 31.0 384.8 32.1 126 15
G3X(MP2) 428.1 0 4151 13.0 395.8 32.3 3955 32.6 395.2 32.8 24 04
G3X 429.0 0 416.6 12.4 395.6 33.4 395.8 33.1 396.3 32.7 16 05
G3X(MP2)-RAD 428.0 0 4163 11.8 396.3 31.7 396.2 31.9 396.4 31.6 1.7 14
G3X-RAD 430.2 0 4178 12.4 396.9 33.3 397.2 33.0 397.5 32.7 05 05
CBS-QB3 433.1 0 4198 13.3 398.9 34.1 394.8 38.3 399.2 33.8 22 18
U—CBS-QB3 433.4 0 420.0 13.4 399.2 34.2 399.8 33.5 399.5 33.8 21 06
w1 430.8 0 4178 13.0 397.6 33.1 398.1 32.7 397.2 33.6 0 0
experimerft 432.2+£04 0 41744 14845 390.5+4.4 41.7£4.8 396.3t1.3 359+1.7

a At 0 K. Values are given in units of kJ/mol. Based on QCISD/6-311G(d,p) geometries and includes zero-point vibrational energy at the QCISD/
6-31G(d) level of theory? Mean absolute deviation from the corresponding W1 valdes reported in ref 8.

in the reaction, or alternatively, the difference of the RSEs of ably more-expensive W1 values. Even in conjunction with a
the corresponding open-shell species. small basis set such as 6-BG(d,p), both procedures have
Through examination of Table 4, we note that, as in the case MADs of only 2.4 kJ/mol for the seven reactions, and maximum
of the enthalpies, there is generally good agreement among thedeviations of up to 5.9 kd/mol (for the spin-contaminated
various methods, except in the case of the spin-contaminatedreactions) and up to 2 kJ/mol (for the other cases). The
*CHCN radical. In this case, the non-spin-corrected CBS performance of these new hybrid DFT methods is superior to
method is in accord with the other composite methods, but the that of the B3-LYP method, for which MADs of up to 5.3 kJ/
spin-corrected CBS method is closer to (but still differs from) mol and maximum deviations of up to 11.6 kJ/mol are observed,
the experimental value. Thus, the deviation from experiment and this is in accord with the conclusions from studies of other
in the spin-contaminated reactions arises from a single experi-types of hydrogen abstraction reactiérislt can also be
mental value (the €H BDE of CH;CN), and even the spin-  opserved that the RB3-LYP method shows improved perfor-
corrected CBS procedure shows some deviation from the mance over (U) B3-LYP, although the MPW1K and KMLYP
measured result in this case. In all other cases, the BDEs andesyits are superior to both B3-LYP procedures.
RSEs are in good agreement with the experimental values, with
the W1 method showing deviations of 1.4 kJ/mol or less for
BDEs and 2.3 kJ/mol for RSEs (which are, effectively,
differences of BDES). Therefore, it is possible that the experi-
mental value for the CECN case may require some adjustment,
and a re-examination of this system would be helpful. In the
meantime, the balance of evidendaoth from the abstraction

reactions of the present work, and also earlier studies of radica . ) ;
addition barrier%eoand N-H BDEsi'—suggests that the spin- enthalpies and RSEs (which are differences of BDES) thus

correction term in the CBS-type procedures may be overesti- occurs through substantial cancellation of error. These methods

mating the effects of spin contamination in these reactions, andS€€M 0 provide more-accuratelative values for BDEs,
the G3-RAD-type procedures (which avoid the need for this compared to B3-LYP, but less-accuratisolutevalues. This
term through the use of restricted-open shell methods) shouldfailure of B3-LYP to produce accurate relative BDES has also
be preferred when the high-level W1 method cannot be afforded. Peen noted recently for the case of-R BDEs (where R=

Itis also important to identify accurate lower-cost procedures, Me, Et i-Pr, andt-Bu, and X=H, CHs, OCH, OCH,, OH,
which can be used on larger polymer-related or biochemical- @1d F), where the B3-LYP method even failed to reproduce
related systems, when composite procedures cannot be affordedthe correct qualitative ordering for the alkyl substituent effects
To this end, the enthalpies calculated using lower levels of on the R-X BDEs when X was an electronegative substituent,
theory, such as various hybrid DFT methods and the RMP2 such as OH or OCEf” As in the present work, the RMP2/6-
method, are included in Table 5. Examination of these results 311+G(3df,2p) method provided good agreement with experi-
shows that the most-expensive low-level method, RMP2/6- ment and also with higher-level values for the relative BDEs,
311+G(3df,2p), provides the closest approximations to W1, but somewhat poorer agreement for the absolute BDEs. The
showing an MAD of just 1.3 kdJ/mol and a maximum deviation good performance of the RMP2 method for predicting RSEs
of just 2.2 kJ/mol. The good performance of RMP2 has also (which are also differences of BDES) over a large test set of
been reported for other radical reactions, including radical CHsX species was also noted in ref 8. Hence, although the good
addition to alkene&?3! to carbonyls” and to thiocarbonyl performance of MPW1K, KMLYP, and RMP2 for predicting
compounds,although not radical addition to alkyn&sOf the reaction enthalpies results in the systematic cancellation of errors
lower-cost methods, the new hybrid DFT procedures, MPW1K in the relative BDEs of the alternate closed-shell molecules,
and KMLYP, also show excellent agreement with the consider- there is some evidence (at least for RMP2) that this might be

Interestingly, when we examine the BDEs (see Table 5), we
find that the B3-LYP methods show the closest agreement with
the high-level W1 values. For example, for the 6+33(d,p)
basis set, the MADs for the various procedures are 12.6 kJ/mol
(MPWI1K), 15.6 kJ/mol (KMLYP), 6.0 kJ/mol (B3-LYP), 2.5
kJ/mol (RB3-LYP), and 17.7 kJ/mol (RMP2). The superior
Iperformance of the MPW1K, KMLYP, and RMP2 methods for
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TABLE 6: Effect of Level of Theory on Hydrogen Abstraction Barriers 2
CHgs + CH, CHzFe + CHs CHsLie + CHy CHaLie + CHaF CH,CNe + CHy CHp(OH)e + CHy CHx(OH)s + CHsCN

level of theory fwd=rev fwd rev fwd rev fwd rev fwd rev fwd rev fwd rev MAP

MPW1K/6-31+G(d,p) 68.6 73.0 596 779 463 223 41 869 48.9 83.9 50.1 54.0 58.1 3.6
MPW1K/6-31H-G(3df,2p) 70.5 753 604 816 474 27.1 78 879 506 86.8 51.9 57.4 59.9 2.4
KMLYP/6-31+G(d,p) 61.3 66.2 523 723 394 121-70 80.6 420 78.4 43.0 45.8 49.0 11.0
KMLYP/6-311+G(3df,2p) 63.6 69.7 546 764 412 16.8—-3.2 820 442 83.3 46.5 48.4 49.4 7.9
B3LYP/6-31+G(d,p) 61.5 66.7 51.0 722 381 123-6.1 84.3 40.0 78.9 40.9 47.1 53.4 11.1
B3LYP/6-31H-G(3df,2p) 64.6 70.1 526 758 40.2 152-3.0 865 427 83.1 44.0 50.5 55.3 8.2
RB3LYP/6-31G(d,p) 63.7 69.0 531 745 396 151-39 824 421 81.0 42.8 48.8 50.9 9.3
RB3LYP/6-311G(3df,2p) 66.3 722 545 777 413 175-13 84.7 447 84.9 45.6 52.1 52.7 6.7
RMP2/6-3HG(d,p) 76.3 776 693 818 529 289 83 86.8 56.9 89.0 60.0 54.2 55.2 2.6
RMP2/6-311%G(3df,2p) 68.0 728 605 745 436 26.2 76 80.0 489 84.1 52.0 46.6 45.6 4.5
G3X(MP2) 76.8 81.3 684 825 502 27.0 76 883 558 915 58.6 58.4 58.1 2.4
G3X 76.9 80.4 68.0 836 502 26.0 49 89.1 56.0 91.0 58.3 57.8 58.3 2.1
G3X(MP2)-RAD 75.1 79.2 674 804 487 26.1 6.1 884 56.6 89.1 57.4 57.6 57.8 1.2
G3X-RAD 74.8 789 665 819 486 26.0 52 884 554 89.3 56.6 57.1 57.3 0.9
CBS-QB3 71.8 758 625 79.0 449 253 45 878 495 86.5 52.7 51.2 55.7 2.1
U—CBS-QB3 72.5 765 632 798 456 26.1 53 853 518 87.2 53.4 53.8 53.5 15
w1 73.3 78.1 651 80.7 475 254 53 871 544 89.2 55.5 — - 0

a At 0 K. Values are given in units of kJ/mol. Based on QCISD/6-311G(d,p) geometries and includes zero-point vibrational energy at the QCISD/
6-31G(d) level of theory. Throughout the table, fedforward reaction and res reverse reactior?. Mean absolute deviation from the corresponding
W1 value.

expected to be general for hydrogen abstraction reactions thatpreviously demonstrated to provide accurate thermochemical
involve transfer between carbon-centered radicals. data?

3.3. Barriers. Barriers for the seven hydrogen abstraction Examining the high-level barriers in Table 6 first, we find
reactions were also calculated at a variety of levels of theory, that there is again excellent agreement among the alternative
using the consistent set of QCISD/6-311G(d,p) geometries, andcomposite methods, with all methods having MADs of 2.4 kJ/
the results are shown in Table 6. As in the case of the enthalpies,mol or less and maximum deviations &f5 kJ/mol, when
the results at the various levels of theory were benchmarked compared with W1. The RAD versions of G3 perform slightly
against the highest-level W1 values, and the MADs at each level better than the corresponding non-RAD G3 methods and, thus,
of theory are included in Table 6. would be preferred as a benchmark level of theory when W1

Comparisons with experiment have not been performed for cannot be afforded. As in the case of the enthalpies, the non-
the reaction barriers in the present work, because severalspin-corrected CBS method performs better than the spin-
additional issues complicate such comparisons. Even for gas-corrected method, particularly in the reactions that produce the
phase experimental values, the measured reaction kaes spin-contaminateeCH,CN radical. This again suggests that the
specific temperaturé must be related to the calculated reaction spin-correction term may be introducing a systematic error to
barriers &0 K (Ep) via an assumed model, such as transition- the CBS values. The development of a restricted open-shell

state theory (eq 8): version of the CBS procedure, or a refinement of the spin-
correction term, would thus be advisable.
(kBT) Q. ;{ Eo) Examining the lower-level values next, we find that the
k(T =k|—|[———| exg— — (8) MPW1K method again performs very well when compared with
h RT) the highest-level values. With the large 6-31G(3df,2p) basis

reactam?i set, the MAD is just 2.4 kJ/mol, and the maximum deviation is
4.7 kd/mol. The performance of the KMLYP level of theory is

wherex is the tunneling coefficien; the molecular partiton ~ somewhat poorer for reaction barriers (MAB 7.9 kJ/mol,
function of the transition structure (aqd the molecular partition ~ maximum deviation of 10.5 kJ/mol) and is only slightly better
function of reactant), ks the Boltzmann constanh Planck’s than B3-LYP (MAD= 8.2 kJ/mol, maximum deviation of 12.5
constant, andR the universal gas constant. To obtain an kJ/mol) and is actually slightly poorer than RB3-LYP (MAD
“experimental” value o, from a measured reaction rate, values = 6.7 kJ/mol, maximum deviation of 10.6 kJ/mol). The RMP2
for the partition functions and the tunneling coefficient are method again shows good agreement with the highest-level
required, and these may be obtained via ab initio calculations. values, although interestingly, the smaller basis set values (MAD
In performing these additional calculations, a specific level of = 2.6 kJ/mol, maximum deviation of 5.4 kJ/mol) are more
theory must be chosen, and further assumptions (such as theimilar to the W1 values than the larger basis set values (MAD
method for treating low-frequency torsional modes and for = 4.5 kJ/mol, maximum deviation of 7.1 kJ/mol). Based on
calculating the tunneling coefficient) must be made. The the combined performance of the alternative lower-level pro-
accuracy of the calculated partition functions and tunneling cedures for calculating the barriers and enthalpies of the
coefficients are very sensitive to both the methods used to hydrogen abstraction reactions, the MPW1K method, in con-
calculate them and the level of theory at which they are applied, junction with a large basis set such as 6-3G(3df,2p), should
and errors in these values may obscure quantitative comparisongrovide an excellent low-cost procedure for studying H-atom
between the theoretical and experimental barriers. To facilitate abstraction reactions between carbon-centered radicals, which
a rigorous comparison with experimental values, an assessmenteinforces the earlier conclusions derived from studies of other
of the accuracy of the calculated rate and tunneling coefficients types of H-atom abstraction reactidhs.
(obtained via various methods and at various levels of theory)
will be the subject of a separate study. In the present work, the
barriers are compared internally against the W1 values, which, On the basis of the aforementioned assessment of procedures
as noted previously, is a very high level of theory that has been for calculating the geometries, barriers, and enthalpies in

4. Conclusions
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