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Performance of the RB3-LYP, RMP2, and UCCSD(T) Procedures in Calculating Radical
Stabilization Energies for eNHX Radicals

Geoffrey P. F. Wood!* David J. Henry," and Leo Radom*™#

Research School of Chemistry, Australian National dgnsity, Canberra, ACT 0200, Australia, and
School of Chemistry, Upersity of Sydney, Sydney, NSW 2006, Australia

Receied: July 7, 2003; In Final Form: August 5, 2003

N—H bond dissociation energies (BDESs) and radical stabilization energies (RSEs) associated «NthGReg
eNHCHO, «eNHCOCH;, and «NHCONH, radicals have been calculated at a number of theoretical levels.
These include UHF, RHF, UB3-LYP, RB3-LYP, UMP2, RMP2, UCCSD(T), and URCCSD(T) with a variety

of basis sets, as well as the high-level composite methods W1, CBS-QB3, and G3X(MP2)-RAD. For these
systems, particular care must be taken to ensure convergence to the lowest-energy solution of the self-consistent-
field (SCF) equations. We have assessed the performance of the various levels of theory in calculating the
BDEs and RSEs of theNHX radicals and find that, although there are somewhat larger errors for the simpler
methods, the performance generally parallels that observed previous@HeX radicals. In particular (and

in contrast to a recent report), RB3-LYP and UCCSD(T) consistently produce very good RSEHEHXr
radicals, provided that the lowest-energy solutions are correctly identified. The RMP2 RSEs, while not as
good as those fo¥CH,X radicals, do not show the previously claimed large errors.

1. Introduction This is equivalent to the difference in bond dissociation energies

The effect of a substituent on the stability of a radical relative between NH and NHX:
to its effect in the parent closed-shell molecule is of widespread RSEGNHX) = BDE(NH,) — BDE(NH,X) (4)
chemical importance and is often referred to as the radical 2

stabilization energy, or RSE2 For substituted methyl radicals, SCFLG' found good results with the G3 and CBS-Q methods
.'CHZX’. the RSE IS ge'ﬁer?‘”y measured by the energy change and also agreed with our finding that methods such as UMP2
in the isodesmic reaction: could produce poor results in the cases of radicals showing high
spin contamination. However, they also concluded that RMP2
is unreliable in several cases, specificaHCF;, eNHCOCH;,
L . . . ) . and eNHCONH,. They also found that RB3-LYP performs
This is equivalent to the difference in the bond dissociation poorly for eNHCFs. In addition, they concluded that even
energies of Cidand CHX: UCCSD(T) fails for theNHCHO radical. Although it is entirely
possible that methods such as RMP2 and UCCSD(T) may have
RSEECH,X) = BDE(CH,) — BDE(CH;X) @) greater difficulty in describinggNHX radicals thaneCH,X

) ] ] o radicals, we felt that it was a sufficiently important question to
In recent studie$? we have carried out extensive examinations \yarrant additional scrutiny.

of the RSEs of substituted methyl radicals at a number of levels |y the present paper, we reexamine the performance of
of theory. We find that good results are generally obtained with selected levels of theory in calculating BDEs and RSEs for these
h|gh-|eVe| methods such as CBS-QB3 and GSX(MPZ)-RAD but designated amino radica|sl |@NHX with X = CR;, CHO,

that caution needs to be exercised at lower theoretical levels,cOCH,;, and CONH. We find that there are multiple solutions
where there is often incomplete cancellation of errors in reaction of the self-consistent-field (SCF) equations in these cases and
1. In particular, unrestricted Mglieilesset theory (e.g., UMP2)  that care must be taken in order to achieve the lowest-energy
can lead to poor results when there is severe spin contaminationsp|ution. When this is done, the very large errors found by

in thesCH,X radical. HoweverrestrictedMgller—Plesset theory  SCFLG! for RB3-LYP, RMP2, and UCCSD(T) no longer occur.
(specifically RMP2) is found to be much more reliabfe.

In a subsequent investigation, Song, Cheng, Fu, Liu, and Guo2. Theoretical Procedures
(SCFLG} carried out an interesting study of the corresponding
radical stabilization energies of substituted amino radicals,
*NHX, measured as the energy change in the isodesmic reaction

«CH,X + CH, — «CH, + CH,X 1)

Standard ab initio molecular orbital theénand density
functional theor§ calculations were carried out with the
GAUSSIAN 98 and MOLPRO 20023computer programs.
eNHX -+ NH; — oNH, + NH,X A3) Calculations on radicals were performed either with a restricted-

open-shell reference wave function, designated with an ‘R’

- prefix (e.g., RHF, RMP2), or with an unrestricted-open-shell
ChégousvgllgoergucgareSpondence should be addressed. E-mail: radom@ \yqye function, designated with a ‘U’ prefix (e.g., UHE, UMP2).
T Australian National University. The frozen-core (fc) approximation was employed in all MP2

* University of Sydney. and CCSD(T) calculations. To facilitate comparisons with the
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TABLE 1: Energy Differences between the?A'" or
Pseudo?A"” Ground State and the2A’ Excited State ofeNHX

+ J{P g\: by Radicals (0 K, kJ mol~1)2

X UHF RHF CBS-QB3 G3X(MP2)-RAD W1 expt

H 139.2 136.3 1327 135.3 1316 1331
H Ck 127.8 125.r 121.8 124.0
I L CHO 521 317 269 28.9 2.8
Sy COCH, 451 271 182 14.9
CONH, 71.Z 69.9 89.Z 86.F
2 2 . .
By A1 aSee text for details? See ref 15¢ Note that for these radicals the
Figure 1. Occupation of orbitals in the groungBy) and first excited Cs %A’ structure is a saddle point on the potential energy surface at the
(?A\,) states of theNH; radical. theoretical levels specified. See text.

results of SCFL@, bond dissociation energies (BDEs) and also carried out single-point calculations Gnstructures with
radical stabilization energies (RSEs) were obtained from an A-like wave function. These results are referred to as pseudo-
geometries optimized at the UB3-LYP/6-8G(d) level fol- A’, but they do not have real physical significance.

lowed by single-point energy calculations with the 6+33(d) Although it is not a primary emphasis in the current study,
basis set at the following theoretical levels: UHF, RHF, UB3- we note that the calculateB; — 2A; splittings between the
LYP, RB3-LYP, UMP2, RMP2, UCCSD(T), and URCCSD- states for the parerf\NH, system are in good agreement with
(T). Unscaled UB3-LYP/6-3tG(d) zero-point vibrational  the experimental value (133.1 kJ m§f> at all the levels of
energies were used in these calculations, again to facilitatetheory presented (Table 1). There is also good agreement
comparisons with the earlier work. Additional BDEs and RSEs between the HF and high-level values for th&' — 2A"
were obtained through single-point calculations at all these splittings for theeNHCF; radical. However, for the carbonyl-
theoretical levels with the 6-3#1G(2df,p) basis set on UB3-  substituted radicals, the results change significantly in moving
LYP/6-31G(d) optimized geometries, incorporating UB3-LYP/ from HF to the high-level procedures, although it is reassuring
6-31G(d) zero-point vibrational energies scaled by a factor of that the latter agree well with one another. The splitting between
0.9806° Finally, high-level results were obtained with CBS- the states varies greatly with substitution. Table 1 shows that
QB31011 and G3X(MP2)-RADY2 and with W113 the latter the range is about 15135 kJ mot?. The CHO and COCH
providing the ultimate benchmarks unless otherwise noted. In substituents provide significant relative stabilization to3he
recent studie$! we have suggested that the spin-correction term state through delocalization of the nitrogen lone pair into the
of CBS-QB3°%% may be somewhat overestimated in certain z* orbital of the carbonyl, thus substantially lowering th%'
cases. We therefore report here results with and without the — 2A"" splitting.

spin correction, the latter being denoted U-CBS-QB3 to  B. Bond Dissociation Energies (BDEs)Table 2 presents a
distinguish it from the standard CBS-QB3 procedure. Details comparison of the NH BDEs obtained by SCFLGat the UHF,

of the theoretical procedures may be found in the original RHF, UB3-LYP, RB3-LYP, UMP2, RMP2, and UCCSD(T)

publication$®13 or in our recensCHyX study? levels (all with the 6-33G(d) basis set), with values obtained
) ) at these levels in the present study. Table 3 presents results
3. Results and Discussion obtained with these theoretical procedures and the 6-&k1

A. States of the Amino and Substituted Amino Radicals. ~ (2df,p) basis set. Also included in Table 3 are-N BDEs
TheeNH; radical has two low-lying states that may be classified obtained with the high-level W1 procedure of Martin et'al.,

according to whether the unpaired electron is in;eotbital which are used as a benchmark, as well as with the high-level
(?B; state inCy, symmetry, equivalent t8A" in Cs symmetry) CBS-QB3 and G3X(MP2)-RAD procedures.
or in an a orbital GA; state inCp, symmetry, equivalent téA’ Comparison with the Results of SCFEG&xamination of the

in Cs symmetry) (see Figure 1). It is well established that the BDEs in Table 2 shows differences from the previously reported
ground state ofeNH; is 2Bj, with the 2A; state lying ap-  results of SCFL& by up to 200 kJ mol’. For eNHCF;, the
proximately 133 kJ mott higher in energy?® differences observed with RHF, RB3-LYP, and RMP2 between
In examining substituted amino radicalsiHX, it is important the present results and those of SCEla&e in the range 175
to bear in mind that substituents may affect this ordering of 200 kJ mot?. ForeNHCHO, there are differences of 5020
states and that distortions fro@ symmetry will allow mixing kJ mof?! at the UHF, UMP2, and UCCSD(T) levels. For
of 2A" and?A". Geometries of theNHX radicals were initially ~ *NHCOCH,, differences of 86:110 kJ mot* are observed with
obtained at the UB3-LYP/6-31G(d) level inCs symmetry, for RHF and RMP2. Finally, fosNHCONH,, differences of 76
both2A" and?A'’ states. Where sudb; structures were indicated 180 kJ mot™? are observed at the RHF and RMP2 levels.
through frequency calculations to represent saddle points onthe What is responsible for the huge differences between the
surface, reoptimizations i@; symmetry were performed. The BDEs obtained in the study of SCFE@nd in the present study?
global minimum was found in all cases to correspond either to SCFLG attributed their discrepant results in these cases to poor

a2A" state of Cs symmetry or to a pseud®®’" state ofC; performance by the theoretical procedures. However, we do not

symmetry. agree with this assessment. Rather, we have been able to trace
Calculated energy differences between the ground-statethe problem to convergence to the wrong SCF solution in each

structure, eithefA" or pseudd®A”’, and the lowest enercgdA’ of the anomalous cases in the study by SCPLEssentially,

state are presented in Table 1. TB?A’ structures are found  the incorrect solutions correspond to ahstate (foreNHCFs)

in several cases to be saddle points on the potential energyor to a pseudo-A state (for eNHCHO, «+NHCOCH;, and
surface, and so their relative energies represent an energy ga@NHCONH,). By appropriately manipulating the wave function,
to constrained structures. Distortions from such structures leadwe are able to reproduce such restits.

monotonically downhill to the pseudo*Aminima. For the Assessment of Resultsis convenient to use the high-level
purpose of comparison with the results of SCFL@e have W1 benchmark results listed in Table 3 to assess the perfor-
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TABLE 2: N —H Bond Dissociation Energies Associated withNHX Radicals (0 K, kJ mol~1)ap

X UHF RHF UB3-LYP RB3-LYP UMP2 RMP2 UCCSD(T) URCCSD(T)
H
previous work 301.7 3134 426.3 430.1 401.2 401.2 392.0
present study 301.9 313.3 426.1 430.2 401.3 401.2 392.2 392.3
Ch
previous work 316.7 525.1 433.0 615.9 418.0 607.9 406.7
present study 314.2 328.6 433.2 437.3 417.9 417.4 406.7 406.7
CHO
previous work 443.9 370.3 452.3 461.1 537.2 442.7 485.3
present study 328.2 370.1 452.0 461.1 480.1 442.7 421.8 421.1
COCH;
previous work 3314 466.5 441.4 448.9 460.7 516.3 413.8
present study 331.4 359.4 4415 449.1 461.0 434.2 414.0 416.5
CONH,
previous work 322.6 515.9 423.4 429.3 417.6 484.1 400.4
present study 322.4 337.3 423.6 429.2 417.7 415.6 400.5 400.4
MAD¢ 139.0 116.9 23.3 17.2 25.3 36.4 51.6 51.2
LDe —146.1 —130.9 —28.0 —22.4 —42.9 —43.0 —53.6 —53.2

a Corresponding to the energy change for the reactiopXNH «NHX + oH. ? Obtained from single-point calculations with the 643&(d) basis
set on the UB3-LYP/6-32G(d) geometries From SCFLG! ¢ Mean absolute deviation from benchmark values (W1 unless otherwise specified).
¢ Largest deviation from benchmark values (W1 unless otherwise specified).

TABLE 3: N —H Bond Dissociation Energies Associated witRNHX Radicals at Higher Theoretical Levels (0 K, kJ mol1)2

X UB3-LYP® RB3-LYP UMP2 RMP2 UCCSD(T) URCCSD(T? G3X(MP2)-RAD  CBS-QB3 W1
H 4315 436.3 4331 4320 425.0 425.1 439.7 4442 (444.4) 4442
CR 438.4 4438 4471 4456 436.9 437.0 451.0 455.8 (456.0)  455.3
CHO 460.7 470.6 5143  476.0 457.1 455.9 467.6 470.2 (475.2) 4743
COCH 4493 457.6 4965  468.7 450.4 4493 463.1 463.4 (466.8) d
CONH, 431.3 436.9 4499  446.4 433.0 4328 4478 449.6 (450.4)  451.6
MAD 16.4 9.6 18.0 6.0 18.1 18.6 48 2.2(0.8) 0.0
LD -20.3 -14.7 +40.0 -12.2 -19.2 -19.1 -6.7 -42(-1.2) 0.0

a Corresponding to the energy change for the reactiogXd\tH «NHX + ¢H. ? Obtained from single-point calculations with the 6-313(2df,p)
basis set on the UB3-LYP/6-31G(d) geometriegalues in parentheses obtained without the spin-correction term (U-CBS-@©B&hchmark
value taken as 467.6 kJ méj see text.

mance of simpler levels of theory for the calculation of the BDEs in CBS-QB3 is omitted (U-CBS-QB3), giving 475.2 kJ mél

associated with theNHX radicals. Of the direct methods, UMP2 fortuitously performs the best
«NH,. Of the high-level methods, W1 and CBS-QB3 perform Wwith the 6-31G(d) basis set, giving a BDE of 480.1 kJ mal
best, and both give an-\H BDE for NHz of 444.2 kJ mat?, However, the UMP2 result actually worsens on going from

compared with the experimental BDE of 446:61.3 kJ motf .15 6-31+G(d) to 6-311+G(2df,p), in contrast to the behavior with
G3X(MP2)-RAD vyields a BDE of 439.7 kJ mol. The results the other theoretical procedures, where the improvement in basis
obtained with the direct methods listed in Table 2 in conjunction Set is accompanied by an improvement in the calculated BDEs.
with the 6-3H-G(d) basis set are in poorer agreement with  «NHCOCH;. Due to the size of this species, it was not
experiment. At the extreme is UHF/6-3G(d), which gives a possible to calculate the-NH BDE at the W1 level with our
BDE for NH; that is more than 140 kJ mdl less than the W1 existing computing resources. To provide a suitably reliable
benchmark value. The use of restricted wave functions with the BDE, we have used the G3X(MP2)-RAD RSE 6£3.4 kJ
6-31+G(d) basis set gives little improvement over the unre- mol-! (see below) in conjunction with the W1 BDE of 444.2
stricted equivalents. RB3-LYP/6-31G(d) gives the bestresult  kJ mol™ for eNH, to obtain a benchmark BDE of 467.6 kJ
with the smaller basis set. Increasing the size of the basis set tomol~1. The CBS-QB3 and G3X(MP2)-RAD BDEs felNH-
6-311+G(2df,p) leads to a noticeable improvement for all COCH; of 463.4 and 463.1 kJ mol, respectively, are slightly
methods, and they all yield BDEs for NHhat are within 20 less than this benchmark value, as is also observetfdCHO.
kJ mol™t of the W1 value. Again, the CBS-QB3 result is improved (to 466.8 kJ midl
«NHCF;. The benchmark W1 BDE for N)CF; to give the when the spin-correction term is omitted (U-CBS-QB3). We
2A'" ground state of theNHCF; radical is 455.3 kJ mol. The can see from Table 2 that UMP2/6-8G(d) again fortuitously
CBS-QB3 and G3X(MP2)-RAD BDEs agree well with the gives the closest agreement with the benchmark, a result that
benchmark, giving values of 455.8 and 451.0 kJ Thol becomes worse with the larger 6-32G(2df,p) basis set. The
respectively. The direct methods when used with the 341 other theoretical procedures all give improved BDEs with the
(d) basis set do not perform as well, but there is again 6-3114+G(2df,p) basis set.
considerable improvement in all cases on going to the larger «NHCONH. The three composite methods all agree well for
6-311+G(2df,p) basis set. the N—-H BDE of NH,CONH,. The benchmark W1 value is
¢NHCHO. The W1 procedure gives an-NH BDE for NH,- 451.6 kJ mot?, while the CBS-QB3 and G3X(MP2)-RAD
CHO of 474.3 kJ moil. The CBS-QB3 and G3X(MP2)-RAD  procedures give BDEs of 449.6 and 447.8 kJ Thotespec-
levels again agree well with the benchmark value, givingHN tively. U-CBS-QB3 gives 450.4 kJ niol. There is improvement
BDEs of 470.2 and 467.6 kJ mdl| respectively. Even closer  on going from 6-33%G(d) to 6-31H%-G(2df,p) with all the direct
agreement with W1 is obtained when the spin-correction term methods.
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TABLE 4: Radical Stabilization Energies of eNHX Radicals (0 K, kJ mol~1)a.p
X UHF RHF UB3-LYP RB3-LYP UMP2 RMP2 UCCSD(T) URCCSD(T)
ChK
previous work —14.6 —211.7 7.1 —185.4 —16.7 —206.7 —14.6
present study —-12.3 —15.3 —-7.0 —-7.1 —16.6 —16.2 —14.5 —14.5
CHO
previous work —142.2 —56.9 —25.9 —-31.0 —136.0 —41.4 —93.3
present study —26.3 —56.8 —25.9 —30.9 —76.8 —41.4 —29.6 —28.8
COCH,
previous work —29.7 —153.1 —15.1 —18.8 —59.4 —115.1 —24.3
present study —29.5 —46.1 —15.3 —18.9 —59.7 —33.0 —21.8 —24.3
CONH,
previous work —-20.5 —-202.5 25 0.8 -16.3 —82.8 —8.4
present study —20.5 —24.0 25 1.0 —16.5 —14.3 -8.3 -8.1
MAD 6.1 17.5 6.6 4.4 24.4 8.2 1.6 1.6
LD —-13.1 —26.6 +9.9 +8.4 —46.6 -11.2 —-3.4 —-3.4

a Corresponding to the energy change for the reaciHX + NH; —

eNH, + NHyX. P Obtained from single-point calculations with the

6-31+G(d) basis set on the UB3-LYP/6-315(d) geometriest From SCFLG!

TABLE 5: Radical Stabilization Energies of e#NHX Radicals at Higher Theoretical Levels (0 K, kJ mol1)a

X UB3-LYP® RB3-LYP UMP2 RMP2 UCCSD(TP URCCSD(T§ G3X(MP2)-RAD  CBS-QBS w1
CFs -6.9 -75 -140 -13.6 -11.9 -11.9 -11.3 -11.6 -11.6) —11.1
CHO —-29.2 —34.4 —812  —44.0 -32.1 -30.8 —-27.9 —26.0(-30.8) —30.2
COCH; -17.8 —21.4 -63.4  —36.7 —-25.4 —-24.3 234 -19.1 (-22.4) d
CONH; 0.2 0.7 -168 —14.4 -8.0 7.7 -8.2 —5.4 (-6.0) -7.4
MAD 46 4.1 25.8 9.2 1.3 0.7 0.8 2.8(0.9) 0.0
LD +7.6 +6.7 —-51.0 —13.8 -2.0 -0.9 +2.3 +4.3 (+1.4) 0.0

a Corresponding to the energy change for the reacidHX + NH; —

eNH; + NHyX. " Obtained from single-point calculations with the

6-311+G(2df,p) basis set on the UB3-LYP/6-31G(d) geometridgalues in parentheses obtained without the spin-correction term (U-CBS-QB3).

d Benchmark value taken as23.4 kJ mot?, see text.

General Comparisongables 2 and 3 include mean absolute
deviations (MADs) and largest deviations (LDs) from bench-
mark values (W1 unless otherwise specified) for the five BDEs.
Although the sample set is too small to be statistically

Table 4 presents a comparison of the RSEsKbiX radicals
obtained by SCFL&at the UHF, RHF, UB3-LYP, RB3-LYP,
UMP2, RMP2, and UCCSD(T) levels (all with the 6-8G(d)
basis set) with values obtained at these levels in the present

significant, some useful general features do emerge. We notestudy. Table 5 presents results obtained with these theoretical

to begin that thd; diagnostic valuéd calculated at the UCCSD/
AVTZ//UB3-LYP/cc-pVTZ level of theory are 0.013, 0.034,
0.031, and 0.026 fosNHCFs, eNHCHO, eNHCOCH;, and
«NHCONH,, respectively. This suggests thddHCHO, sNH-
COCH;, and eNHCONH, in particular represent challenging

procedures and the 6-3tG(2df,p) basis set. Also included in
Table 5 are the RSEs obtained with the high-level W1 procedure
of Martin et al.}® which are used as a benchmark unless
otherwise noted, as well as with the high-level CBS-QB3 and
G3X(MP2)-RAD procedures.

targets for calculations based on a single-reference configuration. Comparison with the Results of SCFEGxamination of the

In a related vein, thé®values found at UMP2/6-38G(d)//
UB3-LYP/6-31+G(d) foreNHCF;, eNHCHO,«NHCOCH;, and
sNHCONH; are 0.759, 0.959, 0.907, and 0.783, respectively.
This suggests potential difficulties for UMP wishiHCHO and
«NHCOCH;, as is indeed observed.

We find that the composite W1, CBS-QB3, and G3X(MP2)-
RAD methods give results that agree well with one another and
with the only experimental BDE for théNHX radicals. CBS-
QB3 without the spin-correction term (U-CBS-QB3) performs
particularly well, with an MAD from W1 of just 0.8 kJ mot
and an LD of—1.2 kJ mot™. Of the simpler levels of theory,
RB3-LYP performs best with the 6-31G(d) basis set, giving
an MAD of 17.2 kJ motl. When the larger 6-3HG(2df,p)

RSEs in Table 4 shows differences from the previously reported
results of SCFLG of up to 200 kJ moil. These are not
unexpected, given the discrepancies in theHNBDESs discussed
above. However, the calculated RSEs in Tables 4 and 5 make
it clear that it is the SCFLGvalues that are anomalous. For
example, forNHCF;, all the RSEs determined in the present
study lie within 6 kJ mot? of the W1 benchmark (Table 5). In
contrast, the RHF, RB3-LYP, and RMP2 values of SCELG
differ by 170-200 kJ mot?! from the W1 value. Likewise,
anomalous RSEs from the previous work of SCEL€&an be
seen forPNHCHO at the UHF, UMP2, and UCCSD(T) levels,
for eNHCOCH; with RHF and RMP2, and falNHCONH, with

RHF and RMP2. The anomalous results all have their origins

basis set is used, RB3-LYP and RMP2 produce the best resultsjn convergence to the wrong SCF solution in the previous study,

with MADs of 9.6 and 6.0 kJ mol, respectively. We emphasize

and not to poor performance of the theoretical procedures as

that care must be taken to converge to the lowest-energy SCFhad been previously concludéd.

solutions to avoid spuriously anomalous results.

C. Radical Stabilization Energies (RSEs).The radical
stabilization energy of a substituted amino radie&lHX
provides a measure of the effect of the substituent X on the
stability of theeNHX radical relative to its effect in the parent
closed-shell molecule NEX. It is given by the energy change
in reaction 3 (above). Equivalently, it represents the difference
in BDEs of NH; and NH:X.

Assessment of Resulss with the BDEs discussed in the
previous section, the RSEs determined with the high-level W1
procedure generally represent the benchmark values for this
study and are presented in Table 5. F§HCOCH;, for which
we do not have a W1 RSE, we have taken the G3X(MP2)-
RAD value as the benchmark. The benchmark RSEs are thus
—11.1 eNHCF;), —30.2 ¢NHCHO), —23.4 {NHCOCH;), and
—7.4 (NHCONH,) kJ mol™!, respectively.
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It can be seen from Tables 4 and 5 that for many of the

theoretical procedures there is substantial cancellation of errors 0%

in the calculated RSEs; that is, the MADs are significantly
smaller than corresponding MADs for BDEs (Tables 2 and 3).

This is not unexpected, given the nature of the equation defining
the radical stabilization energies (eq 3). The basis set dependence

of the RSEs is much smaller than for the BDEs; that is, the
RSEs determined with the 6-315(d) basis set are not
substantially inferior to those obtained with the 6-313(2df,p)

basis. The worst results (indicating less complete cancellation

of errors) are observed with RHF and UMP2. This can be

ascribed in the latter case to variable spin contamination in the

reactant and product radicals of eq 3.

Both G3X(MP2)-RAD and CBS-QB3 give RSEs that com-
pare well with the W1 benchmark values. The MADs and LDs
are 0.8 andt2.3 kJ mot?, respectively, for G3X(MP2)-RAD
and 2.8 andt+4.3 kJ mot?, respectively, for CBS-QB3. For
U-CBS-QB3, the MAD and LD from W1 decrease to just 0.9
and+1.4 kJ mot?, respectively.

Of the direct methods, best results are obtained with UR-
CCSD(T)/6-313%G(2df,p). The MAD is just 1.2 kJ mot, while
the LD is 3.0 kJ mot. Although URCCSD(T)/6-31:G(2df,p)
provides a direct means of obtaining accurate RSEs, it is

computationally intensive and would not be tractable for systems

of moderate to large size. A more economical though still
reliable procedure would be desirable.

In our previous studies oi€H,X radicals?3we found RMP2/
6-311-G(2df,p)//UB3-LYP/6-31G(d) to provide a cost-effective

means of obtaining reasonable RSEs. The results of the preseng
study suggest that although it is also a reasonable possibilityr

for eNHX radicals, the discrepancies from benchmark values
are somewhat larger. The MAD for RMP2/6-3&G(2df,p)//
UB3-LYP/6-31G(d) is 9.2 kJ mot with an LD of —13.8 kJ
mol~%. The MAD and LD for RMP2/6-33+G(d)//UB3-LYP/6-
31+G(d) are 8.2 and-11.2 kJ mot?, respectively, which are
slightly better than the RMP2/6-3315(2df,p)//UB3-LYP/6-
31G(d) results. We do not believe these differences to be
statistically significant.

The UMP2/6-3%#G(d) and UMP2/6-311G(2df,p) RSEs
show large deviations from the benchmark valueskiiCHO
andeNHCOCH;. This supports the conclusion that UMP2 has
difficulty with species that show large spin contamination. As
noted above, thE¥values found at UMP2/6-34G(d)//UB3-
LYP/6-31+G(d) for eNHCHO andeNHCOCH; are 0.959 and
0.907, respectively.

Both UB3-LYP and RB3-LYP show relatively small MADs
and LDs for their calculated RSEs. With the 643%(d) basis
set, the MADs and LDs are 6.6 ared.9 kJ mot™, respectively,
for UB3-LYP, and 4.4 andt+8.4 kJ motl?, respectively, for
RB3-LYP. With the 6-31%G(2df,p) basis set, the MADs and
LDs are slightly better at 4.6 antl7.6 kJ mof?, respectively,
for UB3-LYP and 4.1 and-6.7 kJ mofl, respectively, for RB3-
LYP. One shortcoming of UB3-LYP/6-31G(d), RB3-LYP/6-
31+G(d), and UB3-LYP/6-31:G(2df,p) is that they predict
positive RSEs fosNHCONH; (i.e., a relative stabilizing effect

in the radical), in contrast to the small negative benchmark value.

UHF/6-31+G(d) provides good RSEs for three of #iéHX
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Figure 2. RMP2/6-31G(d)//UB3-LYP/6-3HG(d) spin distributions
for the eNHCF;, eNHCOCH;, andeNHCONH, radicals, and UCCSD-
(T)/6-31+G(d)//UB3-LYP/6-3HG(d) spin distribution for theNH-
CHO radical.

for RHF. With the 6-31%G(2df,p) basis s€ the MADs and
LDs are slightly worse at 7.0 and14.3 kJ mot?, respectively,
for UHF and 19.8 and-30.8 kJ mot?, respectively, for RHF.

In summary, there is good agreement among the high levels
of theory (W1, G3X(MP2)-RAD, and CBS-QB3) in the calcula-
tion of RSEs. U-CBS-QB3 gives results that are particularly
close to W1. UCCSD(T) and URCCSD(T) also perform very
well. RB3-LYP is the best of the computationally less demand-
ing procedures. RMP2 performs somewhat less welblft X
adicals than found previously fe€H,X radicals, although the
esults are still reasonable. Very poor results found previdusly
with RB3-LYP, RMP2, and UCCSD(T) may be attributed to
convergence to the wrong SCF solutions. UMP2 sometimes
gives large errors for RSEs and therefore should not be used
when spin contamination is significant. RHF can also produce
poor RSEs.

Substituent Effects iWNHX Radicals The calculated radical
stabilization energies in Tables 4 and 5 are all negative. This
means that theNHX radicals are destabilized relative to the
corresponding closed-shell molecules ¥Hn each case. This
effect is discussed in detail by SCFLG, based on G3 and CBS-Q
results? In brief, the negative RSEs can be rationalized in terms
of a reduction in the delocalization of the nitrogen lone pair
that can take place in Ni@HO, NH,COCH;, and NHCONH,,
when moving to thesNHX radicals. This reduction arises
because the electronic ground state is now pséddoand so
it is the unpaired electron rather than the lone pair that is more
strongly delocalized. The negative RSE #HCF; may be
attributed largely to the electron-withdrawing nature of theg CF
substituent destabilizing the electron-deficient radical center.

D. Spin Distributions. The discrepancies found in the BDEs
and RSEs for theeNHCF;, «NHCOCH;, and eNHCONH,
radicals at RMP2/6-31£G(d) were attributed by SCFL‘Go a
failure of RMP2 to correctly assign the spin distribution. They
pointed out that for these three radicals RMP2 predicts an
oxygen-centered radical, whereas the unpaired electron is mainly
localized on the nitrogen with UB3-LYP and UCCSD(T). We
find from the present study that the calculations of SCFEIrG

radicals when compared with the benchmark values. The largestthese cases correspond to the excidstate forsNHCF; and

deviation at this level is-13.1 kJ mot? for eNHCONH,. While
RMP2 performs significantly better than UMP2, changing from

to pseudc?A’ states fosNHCOCH; andsNHCONH,. For the
A’ and pseudo-Astates, the unpaired electron is indeed centered

an unrestricted to a restricted approach at the HF level actuallyon the oxygen. On the other hand, we find that if the correct

leads to a deterioration in the results. Thus with the 6-G{d)
basis set, the MADs and LDs are 6.1 and3.1 kJ mot?, re-
spectively, for UHF and 17.5 and26.6 kJ mot?, respectively,

ground-state A or pseudo-A state is examined, the spin is
localized on nitrogen in all cases. Figure 2 displays the RMP2/
6-314+-G(d) spin distributions for the!A” ground state of
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*NHCF; and the pseudéA” ground states ofNHCOCH; and
sNHCONH,. It is clear that the unpaired electron is localized
on the nitrogen in all three radicals, in agreement with UB3-
LYP and UCCSD(T).

Similarly, SCFLG found that their UCCSD(T) calculation
incorrectly assigns the unpaired electronsMHCHO largely
to the oxygen, in contrast to UB3-LYP and RMP2, which assign

Wood et al.

References and Notes

(1) For an extensive list of references, see ref 2.

(2) Henry, D. J.; Parkinson, C. J.; Mayer, P. M.; Radom,JLPhys.
Chem. A2001, 105 6750-6756.

(3) (a) Parkinson, C. J.; Mayer, P. M.; Radom,Tlheor. Chem. Acc.
1999 102 92-96. (b) Parkinson, C. J.; Mayer, P. M.; RadomJLChem.
Soc., Perkin Trans. 2999 11, 2305-2314.

(4) song, K. S.; Cheng, Y. H.; Fu, Y.; Liu, L,; S, L. X.; Guo, Q. X.

the electron to the nitrogen. In this case also the result may beJ- Phys. Chem. 2002 106, 6651-6658.

attributed to their convergence to the higher-energy pseudo-

2/ state. Figure 2 includes the spin distribution for the pseudo-
2A" ground state 6§NHCHO at UCCSD(T)/6-33+G(d). Again

it is clear that if the correct ground state is examined, the
unpaired electron is mainly localized on nitrogen.

4. Concluding Remarks

A primary purpose of the present study has been to reexamine

the conclusion reached by SCFt@hat for severalsNHX
radicals, specificallyeNHCF;, eNHCHO, «+NHCOCH;, and
eNHCONH,, RHF, RMP2 RB3-LYP, and UCCSD(T) can lead
to unrealistic spin localization and hence to poor BDEs and
RSEs. They state that their results “justify many people’s
suspicion that the use of the spin-restricted wave function

method is not always safe”. This assessment is not correct. Weg

find that the poor performance is associated with calculations
being performed on excited’ Atates or unphysical pseudd-A
solutions to the SCF equations for teiHX radicals. Once

the correct ground state is used in the BDE and RSE calcula-

tions, the very large errors observed previously disappear.
The high-level W1, G3X(MP2)-RAD, and CBS-QB3 proce-
dures all yield RSEs that agree closely with one another. CBS-
QB3 performs particularly well when the spin-correction term
is omitted (U-CBS-QB3). We find with the direct theoretical
procedures that the difference between using $3(d) and
6-311+G(2df,p) basis sets in the calculation of RSEs is
relatively small. UCCSD(T) and URCCSD(T) give very good
RSEs, while RB3-LYP provides a very cost-effective alternative.

(5) (a) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB.
Initio Molecular Orbital Theory Wiley: New York, 1986. (b) Jensen, F.
Introduction to Computational ChemistrViley: New York, 1999.

(6) Koch, W.; Holthausen, M. CA Chemist's Guide to Density
Functional TheoryWiley-VCH: Weinheim, 2000.

(7) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. SAUSSIAN 98Gaussian Inc.: Pittsburgh,
PA, 1998.

(8) Werner, H.-J.; Knowles, P. J.; Amos, R. D.; Bernhardsson, A.;
ning, A.; Celani, P.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J,;
Eckert, F.; Hampel, C.; Hetzer, G.; Korona, T.; Lindh, R.; Lloyd, A. W.;
McNicholas, S. J.; Manby, F. R.; Meyer, W.; Mura, M. E.; Nicklass, A,;
Palmieri, P.; Pitzer, R.; Rauhut, G.; SthuM.; Stoll, H.; Stone, A. J,;
Tarroni, R.; Thorsteinsson, MOLPRQ 2002.3; University of Birming-
ham: Birmingham, AL, 1999.

(9) Scott, A. P.; Radom, LJ. Phys. Chenil996 100, 16502-16513.

(10) Montgomery, J. A., Jr.; Frisch, M. J.; Ochterski, J.; Petersson, G.
A. J. Chem. Phys200Q 112, 6532-6542.

(11) Montgomery, J. A., Jr.; Frisch, M. J.; Ochterski, J. W.; Petersson,
G. A.J. Chem. Phys1999 110, 2822-2827.

(12) Henry, D. J.; Sullivan, M. B.; Radom, LJ. Chem. Phys2003
118 4849-4860.

(13) (a) Martin, J. M. L.; de Oliveira, GJ. Chem. Phys1999 111,
1843-1856. (b) Parthiban, S.; Martin, J. M. [I. Chem. Phys2001, 114,
6014-6029.

(14) (a) Coote, M. L.; Wood, G. P. F.; Radom, L. Phys. Chem. A
2002 106, 12124-12138. (b) Gomez-Balderas, R.; Coote, M. L.; Henry,

The performance of RMP2 is reasonable though not as good asy” 3" Radom. L.. submitted.

found previously forrCH,X radicals.

Acknowledgment. We gratefully acknowledge the award
(to L.R.) of an Australian Research Council Discovery Grant,
the award (to G.P.F.W.) of an Australian National University

Graduate School Scholarship, an Alan Sargeson Merit Scholar-

(15) Pd, Rajendra; Chandra, P.Chem. Phys2001, 114, 7450-7460,
and references therein.

(16) Note that the incorrect energies in Table 2 correspond’torA
pseudo-A calculations carried out at the particular level on B3-LYP/6-
31+G(d) structures that have been optimized for tteoApseudo-A state.
They are therefore significantly higher than the energies that would be
derived from the splittings in Table 1, in which the galculations have

ship in Chemical Sciences, and an Australian Postgraduatebeen carried out on optimized Atructures.

Award at the University of Sydney, and a generous allocation
of computer time on the Compaq Alphaserver of the ANU

Supercomputing Facility and the National Facility of the

Australian Partnership for Advanced Computing.

Supporting Information Available: Table S1 contains
calculated total energies for the ground state’$s ¢A pseudo-
A") of eNHX radicals calculated at various levels of theory with
the 6-3H-G(d) basis set on UB3-LYP/6-31G(d) optimized
geometries. This material is available free of charge via the
Internet at http://pubs.acs.org.

(17) (a) Lee, T. J.; Taylor, P. Rnt. J. Quantum Chem. Symp989
23,199-207. (b) Jayatilaka, D.; Lee, T.J. Chem. Physl993 98, 9734~
9747. TheT; diagnostic for open-shell systems is defined in ref 17b. A
value of greater than 0.02 for thig diagnostic has been proposed as an
indication that a multireference electron correlation procedure may be
necessary to recover a large fraction of the nondynamical electron correlation
energy.

(18) The individual UHF/6-311G(2df,p)/UB3-LYP/6-31G(d) (RHF/
6-3114-G(2df,p)/UB3-LYP/6-31G(d) values in parentheses) BDEs (in kJ
mol~1) are as follows: NH 306.8 (319.7), NHCF; 321.6, (334.9)
NH>CHO 336.2, (380.6) NHCOCH; 339.3 (369.4), NHCONH, 328.5
(344.9). The corresponding RSEs are as followsSHCF; —14.8 (-15.3),
eNHCHO —29.4 (-61.0),sNHCOCH; —32.5 (—49.8),eNHCONH, —21.7
(—25.2).



