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We recently presented a new method for developing exchange-correlation functionals using ab initio numerical
exchange-correlation potentials and accurate total energies. A preliminary functional was presented. In this
paper we refine the functional expansion and demonstrate that significantly improved atomization energies
can be obtained by amending the fitting procedure to include atomization energies rather than total molecular
energies. A new functional is presented that provides an improved description of simple first-row hydrogen
abstraction reactions compared to conventional continuum density functionals. This improvement is achieved
without introducing any fraction of exact orbital exchange.

1. Introduction instead determined by a fitting procedure involving both
In our first paper on this topit hereafter denoted paper |, energetics apd exchange-correlqtion potentials. . The inclusion
we presented a method for developing new generalized gradienlOf the potential provides |nf0rn.1at.|on from the ent|re.moIeCl.JI.ar
approximation (GGA) exchange-correlation functionals from ab environment and should_ result in improved asymptotic densities.
initio and energetic data. Several aspects of the new functionalsFurthermore, if our functionals can reproduce accurate exchange-
differ significantly from those of conventional functionals. correlation potentials, then accurate optimized geometries must
(i) The functionals represent exchange and correlation effects follow, since the error in geometries from conventional con-
in a combined manner. Individual exchange and correlation _tlnuum functionals arises, for a given basis set, due to the error
terms cannot be isolated, which is consistent with the view that In the exchange-correlation potential. (Of course, we recognize
the two are not trivially separable. For example, the failure of that fitting to potentials is not the only way to develop
restricted HartreeFock (RHF) theory to provide an accurate funct_lonals that yield accurat_e strucFuraI pr(_ed|ct|ons; su_ch
description of dissociation is usually attributed to the lack of functionals may also be determined by introducing exact orbital
correlation in the method. However, the RHF energy of €xchange, and fitting to energetic data alone.)
infinitely separated bl is in error by an exchange integral. (iv) Our investigation’® highlighted the requirement that for
Second, it is often stated, though not fully understood, that @ continuum functional to achieve both accurate energetics and
exchange functionals must include nondynamic correlation asymptotic densities, its exchange-correlation potential must not
effects. vanish asymptotically. This feature, which is a consequence
(i) The new functionals do not include any exact orbital Of integer derivative discontinuities in the energy, had already
exchange. Although adiabatic arguments indicate that it should beéen demonstrated theoretically in 1982 by Perdew, Parr, Levy,
enter, we do not feel it is an essential feature of a quality and Balduz (PPLB) but had not been previously observed in
functional. The optimized effective potential (OBRJccess-  practical implementations due to the tendency to develop func-
fully represents atomic Hartred=ock properties, suggesting that tionals with accurate energetics but not accurate asymptotic
a GGA functional should be able to represent adequately the densities.
effect of exact exchange. Like the OEP, an exchange GGA It can be shown that in a restricted formalism, the asymptotic
potential is multiplicative and so, for an asymptotically vanishing potential should be the hardness+( A)/2 (wherel andA are
exchange-correlation potential, thth Kohn—Sham orbital the ionization energy and electron affinity, respectively) for
asymptotically behaves as exg(—2¢)Y?r). In contrast, the degenerate open-shell systefrand less than the hardness for
presence of conventional nonmultiplicative exchange constrainsclosed-shell systems. The exchange-correlation potential is
the asymptotic behavior of all the orbitals to be governed by therefore the asymptotically vanishing potential, which gives
the HOMO eigenvaluéwhich is less desirable from a physical the exact density, shifted at all points by the value of the
viewpoint. Finally, although exchange-correlation potentials asymptotic potential. Consequently, for open-shell systems, the
appear to be reasonably well-behaved, correlation potentials inHOMO eigenvalue is not|, which would be the eigenvalue if
the Hartree-Fock—Kohn—Sham formalism are highly oscilla-  the potential vanished asymptotically, btt(l + A)/2, the
tory# The inclusion of exact exchange can therefore lead to a negative of the electronegativity. It is well-known that con-
residual which is difficult to represent by a density functional. ventional functionals do give eigenvalues close to this quantity,
(iif) Conventional functionals are often based on the local and so rather than indicating a failure of conventional func-
density approximatioh(LDA). This is derived from a free-  tionals, this indicates that conventional exchange-correlation
electron gas, which is a poor representation of a molecular potentials resemble the shifted PPLB potentials in energetically
system, and it follows that LDA predicts poor asymptotic important regions. This feature is crucial if a continuum
densities. Gradient corrections are added to the LDA with the functional is to give accurate energetics: a functional that yields
aim of improving the energetics, although since the asymptotic an accurate density with a vanishing asymptotic potential gives
density contributes little to the energetics, this procedure doesa severely underestimated exchange-correlation energy because
not remove the underlying error in the asymptotic regions. In the potential in energetically important regions lies well below
contrast, our new functionals are not based on the LDA but are that of PPLB and conventional functiondls.
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~In asymptotic regions, the potentials of conventional con- Fe=Y 0pelRSXY'=S 0efmed’)  (10)
tinuum density functionals such as BLYRpproach zero, and &zd Hzd

so no longer resemble those of PPLB. Although these regions

contribute little to the energy, this discrepancy means the Wherewancq are variable parameters and

asymptotic density behaves as

R*=p; + 0} (11)
lim p(r) ~ exp(-2(—2¢\) ") 1) "
r—oo —
_ = (M) (12)
whereN denotes the HOMO orbital, and so for an open-shell P
system . .
. 12 X = Ca &5 (13)
rI[n p(r) ~exp2( + A7) (2) = 2p4c/3
whereA is typically much less thah The asymptotic density . Ci + @,2; — 26, d
from conventional functionals is therefore much more diffuse Y= ——p (14)
than the exact density p
lim p°(r) ~ exp—2(2)"2r) ©) P= Pt 0 (15)
r—oo

To compute optimal parameters, a training set of systems is
and this is consistent with observed overestimated polarizabilities chosen. In this paper we use the same first-row training set as
and bond lengths. To improve conventional functionals, it is that of paper I, namely, the ground states of H, Li, C, N, O, F,
therefore necessary to slow the decay of the asymptotic NH,, CH, CH,, O,, Ne, CH,, CO, K, BH, H,, H,0O, N,, LiH,
potentiat-while leaving the potential in energetically important and HF. For each training system, correlated ab initio electron
regions (and thus the energetics) relatively unchangedh that densities are computed. For closed-shell systems the coupled
it approaches the nonzero positive value of PPLB. By ap- cluster BD methott is used, while unrestricted second-order

proaching this nonzero valle the density behaves as Mgller—Plesset theory is used for the open-shell systems. TZ2P
) 12 basis sets are used through&i#® These densities are then fed
limp(r) = exp(=2(—2[ey — K)) ™) (4)  into a basis set implementation of the Zhao, Morrison, Parr
(ZMP)'4 procedure and asymptotically vanishing exchange-
For open-shell systems whekds the hardness anel is the correlation potentiatsdenoted ZMP potentiatsare computed
negative of the electronegativity, the exact asymptotic density On numerical quadrature grids. A functional whose potential
clearly follows resembles the ZMP potential gives a very poor exchange-
correlation energy because the potential vanishes asymptotically.
lim p(r) ~ exr{—Z(—Z[— I+A (- A)])l’zr) N Following PPLB and paper I, we require a functional whose
P 2 2 potential resembles the ZMP potential shifted by some ap-
exp(—2(2|)1’2r) (5) propriate system-dependent value. In an unrestricted frame-

work, this is achieved by minimizing the term
It is nontrivial to amend conventional functionals such that only op
their asymptotic potentials change. However, by including the _ ’ Mo _ Moy\q2.4
potential in our fit, our approach offers a convenient way to Q= ;Zfdr [v2meT) + ko = i’ (D] oo(r) - (16)
achieve potentials resembling those of PPLB. Functionals are
obtained whose potentials closely resemble conventional pO'whereyz"”p(r) is the o ZMP potential for training systerM,

. . . . . m
tentials in energetically important regions but approach nonzero,, . represents the unknown shift between the ZMP and exact
values asymptotically. The method is summarized in section gntinuumo potential for systenM, v’

) . : . it (r) is the o potential
2, with particular emp_ha5|s on recent improvements _that have ¢ ihe fitted functional for systerM, andp’, (r) is a weighting
been made. In section 3 we present a new functional and

L ) : factor. The value oky, influences the exchange-correlation
examine its energetics for a set of small first-row molecules. In

ion 4 . ; i simple hvd b " energy of the functional, and its value must be computed self-
sectlc_)n we |nve_st|gate SIX_SImpie nydrogen a straction consistently. To do this, we must define a term that, when
reactions. Conclusions are presented in section 5.

minimized, ensures that the energetics are accurately described.
In paper |, where the functional denoted TH1 was developed,

2. Methodology this contribution was the sum of the squares of the errors in the

The new exchange-correlation functional is defined as exchange-correlation energy of the fitted functional
TH1 _ M Mq2
En = J FucllupGasGag) OF (6) Qe =3 Wi~ Bl (17)
where Y .
The exact energiels, . are not known and so are approximated
Ca = 1Vpyl ) as
M M

C/} = |Vpgl (8) Exc = Etoro— Tdoml — Joml — Endpml — Enue (18)
gaﬁ = Vo' Vg 9) where py is the ab initio density of syste, TJpv] is the

noninteracting kinetic energy associated with the KeBham
with orbitals from the ZMP procedure, arﬁfgtyo is the near-exact
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total molecular energy computed from atomic energies and errors, and the final functiondd4 is computed. We find that
experimental atomization and zero-point enerdfesn the next it is not necessary to perform further iterations.
section we demonstrate that although this definitio@egfleads In the procedure to date we have used the energy weight
to accurate total energies, it gives less accurate atomization= 100. It is important to fit the energetic data well, and this
energies. In this paper, we therefore choose to redé€inas value appears to give a reasonable balance between energy and
potential fitting. In this work we have also reexamined the value
Q= wy,[EM — EM*+ z wy,[AEM — AEM]? of g in the weightpy, (r) in eq 16, which was chosen to Bg
M=afoms M=mols in paper I. The exchange-correlation potential we need to fit
(19) : Mo ; H
is uzmp(r) + kmo, and so we have examined which valuegof
gives best overall agreement, paying particular attention to
asymptotic regions. For the H and Ne atoms, we observe that
g = 3 is an improvement over = /3 in asymptotic regions,
"the latter resulting in a potential that becomes too positive.
However, energetics are less accurate becqusé/; reduces

where the first contribution measures the error in the exchange-
correlation energies of the atoms in the training set, while the
second term measures the error in the exchange-correlatio
contributionAE}. to the atomization energies of the molecules

in the training Set. Approximations tAE, are trivially the emphasis on energetically important regions. Givenghat
obtained fromE,. _ = 13 andq = 2/3 give essentially the same potentials out to 5
.T.he. qptlmum para.meters and shifts are then computed by onr for both atoms, we have retained the value ef 2/5 in
minimizing the quantity order to maintain accurate energetics.
Our calculations for this paper, together with those of paper

Q=Q,+Q (20) I, have been performed self-consistently using a modified
version of the CADPAC prograif. Given the highly flexible
with respect tawanca andkwvs. (In paper 1, a slightly different  form of our functional, it cannot be guaranteed that the final
approach was used to compute the shifts.) In practical terms, self-consistent KohnSham solution will be a global minimum

we choose initial values fdi, and determinevapcq from in the space of KohrSham determinants. We can be sure only
that it is a stationary point. Despite this, in virtually all of our
9L =0 (21) calculations we have found the final self-consistent energy to
00 3pcd K, be the lowest energy obtained during the self-consistent
’ procedure.

This completes the outline of our procedure. The principal
differences from paper | are the use of a variational procedure
to compute the shiftky,, the use of atomization energies rather

Using this solution, we then compute improved valueskfgy
via

90 than molecular total energies in the training data, and a modified

ok, =0 (22) final corrective procedure. In the next section we present a new

7 Wapeq functional, denoted TH2, determined according to these pre-
scriptions.

and continue the procedure to self-consistency. At the end of
the procedure we have a functional defined purelyaRycq 3. TH2 Functional
The functional does not explicitly involviky, since these are
introduced only to represent the PPLB shift. The functional
can be implemented in a regular Koh8ham algorithm,
although its performance will be limited by several factors. For

The basis for the development of the TH2 functional is the
TH1 functional of paper |. The term&§0,2,0) and ¥s,0,0,1)
(where the notationagb,c,d) is used where, b, ¢, andd are
Y defined in (eq 10) have been removed as their potentials can
example, the accuracy of the supplieff andAE: is limited, formally diverge. Second, we have chosen to replace the terms
and the functional is obtained by mapping the ab initio density (¥5,0,1,0) and (1,0,0,0), which can contribute a finite value to
quantities to the potential, while practical calculations involve the a,sy,mptotic pé)tén’tia], b¥1120,1,0) and ¥/15,0,0,0) whose
self-consistent densmes_. In paper I, we described a corrective potentials vanish asymptotically. All other TH1 terms have been
procedure for overcoming these errors that decreased total qiqined.

energy errors by an order of magnitude. This corrective e ghserve that for closed-shell systems, the téffg,2,0)
procedure is very important but may be defined in many ways. j5 equivalent to a scaled Weizsacker kinetic energy functional
In this paper we choose the following:

« The initial functionalF1 is used to compute self-consistent 1 5
total energie€E ), for systems in the training set. Tw= /8f|vP| lp dr (23)
e The values of the supplied atomic exchange-correlation
energiesEi"C are shifted by the errors in the self-consistent
atomic energie€}, to give E(2).

« A new functionalF2 is computed using j(2) andAE}.

For a closed-shell system, an exact solution of the KeBinam
equation (i.e., one that yields an exponentially decaying
asymptotic density) involving this functional clearly leads to a
L . finite system-dependent asymptotic potential (which is propor-
« Atomization energies are computed for each molecular SysteMyignal tol, if the asymptotic density is exact). This functional
in the training set with th&2 functional and errors computed. | 1+ th’erefore appear particularly desirable. The term
e The suppliedﬂxE)'\("C are shifted by the computed errors to give (19,0,0,1) is an open-shell analogue. As in paper |, we have

AEx(2). made no effort to ensure the functional satisfies other known
« A new functional F3 is computed usingEx(2) and conditions. For example, this scaled Weizsacker term is
AE’XV'C(Z). inconsistent with exact density scaling conditions.

» The functional is implemented, and atomic and atomization ~ The functional form for TH2, together with the resulting
energy errors are computed. expansion parameters from the procedure described in the

e New estimateE)'\("C(3) andAEQ"C(3) are determined from these previous section, are presented in Table 1. In Table 2 we present
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TABLE 1: Optimized Parameters wapcq for TH2 Functional 10 T T
(See eq 10)
a b C d Wabed 00 R
B, 0 0 0 +0.678831E-00
I 0 0 0 —0.1758218-01 e 1
8, 0 0 0 +0.127676E-01
e 0 0 0 —0.1607898-01 20 Hf B
e 0 0 0 +0.3656108-00
1, 0 1 0 —0.1813278-00 2 a0 b _
s 0 1 0 +0.1469738-00 s
10/ 0 1 0 +0.1471418-00
W, 0 1 0 —0.716917E01 40T ]
10/ 0 2 0 —0.407167E-01
W, 0 2 0 +0.214625E-01 5.0 B
2 0 2 0 —0.768156E-03
10/, 0 0 1 +0.310377E-01 60 ]
Y 0 0 1 —0.720326E-01 :
12/q 0 0 1 +0.446562E-01 : . . . ‘ ‘ ‘ ‘
;;Z i 8 8 ;gigggggggg i 0.0 1.0 2.0 3.0 4.(; 5.0 6.0 7.0 8.0
9 1 0 0 —0.1945158-01
10/2 1 0 0 +0.6790788-00 Figure 1. Comparison of self-consistent TH2 (solid curve) and BLYP
(dotted curve) potentials for the Ne atom (in au), plotted as a function
TABLE 2: Computed Values of the Shifts ky, (in E;) for of radial distance.
Training Set Systems and Values for the Hardnessl (— A)/2
1.0 T T T T T
Ka ks (I - A2
C 0.17 0.19 0.18 0.0
N 0.21 0.22 0.27
NH2 0.17 0.16 0.19 10
CH 0.16 0.16 0.17
Li 0.12 0.54 0.09
CH; 0.17 0.18 0.18 20
(6] 0.23 0.23 0.22
F 0.24 0.24 0.26 5 30
(07} 0.19 0.18 0.21
H 0.24 0.24 a0
BH 0.16 0.16
CH, 0.18 0.18 0.37
co 0.16 0.16 0.29 50
F 0.19 0.19 0.23
H, 0.21 0.21 0.32 6.0
H20 0.20 0.20 0.35
HF 0.23 0.23 0.41 o
LiH 0.17 0.17 :
N> 0.16 0.16 0.33 r
Ne 0.28 0.28

1.0 3 T T

the computed values d&y,. As with the TH1 functional, the ~ [
o shifts resemble the hardness for open-shell systems but are -
less than the hardness for closed-shell systems, which is
consistent with theoretical requirements.

In Figure 1 we compare the self-consistent TH2 and BLYP
potentials for the Ne atom. The two potentials are similar in
energetically important regions but differ asymptotically. For s ., L |
this system the computed value kf is 0.28. In Figure 2a,b ®
we compare the BLYP and TH2 potentials with our computed a0 F i
near-exact potential,mp(r) + 0.28. Beyond approximately 2
bohr, the BLYP potential falls below this near-exact curve and s
rapidly approaches zero. The density is therefore too diffuse.
However, the TH2 potential resembles the near-exact potential 0 -
up to approximately 4 bohr, which should result in a much less
diffuse density. 70 : ‘ ‘ ‘ : ‘ ‘

In Table 3 we present errors in self-consistent total energies, S
compared to near-exact values, for the TH2 and BLYP func- Ei 2 N  conti tential + 028 (solid
tionals at optimized geometries, for first-row systems both within fc;?“t[]ee Ne Z"’t‘grix"?i% ‘;%';'“p‘fg{t”e goaeS”; gj’f}rgﬂon pe Ezgilal C(;rs\{galce’
and absent from the tr'a|n|ng set. The mean gbsolute €ITOrS areompared with self-consistent (a, top) BLYP and (b, bottom) TH2
6 and 18 mE, respectively. The corresponding value for the potentials (dotted curves)
TH1 functional is 3 mk The lower accuracy with TH2
compared to TH1 is a consequence of the new fitting procedurerather than total energies. This slight decrease in total energy
where the emphasis has been placed on atomization energieaccuracy is associated with a significant improvement in

1
=
1
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TABLE 3: Near-Exact Total Energies Eio and Errors in
Self-Consistent TH2 and BLYP Total Energies (All
Quantities in Ey) for Systems Both Within and Absent from
the Training Set

Ewoto Epi? — Ewoto En"® — Eto
H» —1.174 —0.003 +0.005
H,O —76.437 +0.007 —0.011
CcO —113.325 +0.001 —0.023
F> —199.529 —0.006 —-0.071
N> —109.543 +0.003 —0.017
HF —100.458 +0.004 —0.023
LiH —8.070 —0.005 +0.002
CH,4 —40.513 +0.005 +0.011
H —0.500 +0.001 +0.005
Li —7.478 —0.003 —0.003
C —37.845 +0.002 —0.002
N —54.589 —0.001 —0.001
(0] —75.067 —0.004 —0.018
F —99.734 +0.001 —0.027
Ne —128.939 +0.000 —0.019
CH —38.479 —0.001 —0.002
CH, —39.148 +0.011 +0.003
O, —150.326 —0.017 —0.058
NH» —55.879 +0.004 —0.006
CoHo —77.376 +0.007 +0.003
CoHy —78.586 +0.009 +0.009
CoHe —79.823 +0.015 +0.021
CO, —188.599 —0.003 —0.053
H,CO —114.507 +0.002 —0.020
H>0, —151.562 +0.004 —0.041
HCN —93.431 +0.001 —0.012
Li, —14.995 +0.006 +0.001
NoH4 —111.876 +0.014 —0.003
NH3 —56.563 +0.007 +0.002
O3 —225.434 —0.017 —0.089
CH;OH —115.728 +0.012 —0.007
A 0.006 0.018

TABLE 4: Experimental Total Atomization Energies (3 Do)

and Errors in Self-Consistent BLYP, TH1, and TH2

Atomization Energies (DS — ¥ Do) (All Quantities in
kcal/mol) for Systems Bot?1 Within and Absent from the

Training Set

BLYP TH1 TH2 expt
H> +2.2 -0.3 +2.4 103.5
H0 +1.7 +1.0 —5.5 219.3
CO +1.7 +3.5 -1.4 256.2
F. +11.1 +20.0 +5.7 36.9
N> +9.5 —-8.7 -31 2251
HF +0.5 +5.7 -11 135.2
LiH —-0.4 —-1.4 +1.3 56.0
CH, +2.8 —4.5 +0.4 392.5
CH +2.6 —-1.8 +2.8 79.9
CH; +2.6 —-3.5 —4.2 179.6
0O, +14.4 +18.9 +6.2 118.0
NH> +9.3 —6.8 —-2.0 170.0
CoH» +1.0 —6.0 -0.7 388.9
CoHy +2.7 —6.5 —-0.4 531.9
CoHs +0.9 —-10.3 —-35 666.3
CO +9.4 +14.0 —-1.4 381.9
H.CO +5.9 +3.8 -0.7 357.2
H20, +9.2 +8.3 —-5.9 252.3
HCN +8.4 —5.0 +0.7 301.8
Li» —4.3 —-9.3 —7.6 24.0
N2H4 +12.7 —14.0 —7.6 405.4
NH3z +6.8 —7.8 —-3.4 276.7
Os +22.6 +28.4 +4.0 142.2
CH;OH +3.2 —2.4 —6.4 480.8
A 6.1 8.0 3.3

Tozer and Handy

ref 15). The errors from TH1 are unacceptably large, and it
was this observation that led us to introduce atomization energies
into the fitting procedure. The TH2 functional has a mean
absolute error of 3.3 kcal/mol, compared to 8.0 and 6.1 kcal/
mol with TH1 and BLYP. In particular, we note that errors
for the difficult systems E O, CO, NH4 and Q are
substantially improved with TH2.

Despite this success, a word of caution is necessary. The
TH2 functional has been developed by training on a small set
of first-row systems. Our results demonstrate that it can be
usefully applied to other first-row molecules, although there is
no reason to expect the functional to be as successful for systems
that differ significantly to those in the training set. A
preliminary study on second-row molecules indicates that while
TH2 structures are at least comparable to those from BLYP,
atomization energies are considerably less accurate. However,
the study also suggests that the introduction of second-row
systems into the training set can significantly reduce these
errors’ Like the TH1 functional, TH2 should therefore be
interpreted as a first-row functional.

4. Hydrogen Abstraction Reactions

In a recent study, Skokov and Wheéfeexamined the six
hydrogen abstraction reactions

H,+H—H+H, (1)
CH, + CH,— CH, + CH, (I
H,+ CH,— H + CH, (D)
H, + NH, — H + NH, (V)
H,+ OH—H + H,0 V)
CH, + OH— CH, + H,0 (V1)

and concluded that the hybrid functionals BSLYP and B3P86
gave significantly improved reaction barriers compared to the
continuum density functionals BLYP and BP86. Such hydrogen
abstraction reactions are a keen test of DFT because of the
creation of an apparent “extra bond” at the transition state. The
failure of conventional functionals to describe reaction | was
previously highlighted by Johnson et #d.and a detailed study

of reaction V was performed by Baker et?al. We have
performed calculations using the BLYP, B3LYP, and TH2
functionals on these six reactions, using the TZ2P basis set.
Tables 5 and 6 present optimized transition-state structures (each
confirmed as having a single imaginary harmonic vibrational
frequency) and classical reaction barriers for the six reactions.
These are compared with results from high-level ab initio
calculations.

Reaction I, the simplest possible hydrogen abstraction reac-
tion, is troublesome for existing functionals. BLYP overesti-
mates the bond length and significantly underestimates the
reaction barrier; the bond length is improved with the B3LYP
functional, although the barrier is still too low by more than a
factor of 2. In contrast, the TH2 functional yields a bond length
comparable to B3LYP, with a much improved reaction barrier.

BLYP provides a much improved description for reactions
Il and I, although the barriers are still too low. Once again,
the barrier increases with the introduction of exact exchange in

computed atomization energies, as shown in Table 4 (the zero-B3LYP. For these reactions, the TH2 prediction is comparable
point contributions to the atomization energies are taken from to BLYP.
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TABLE 5: Transition-State Structures (in A and deg) 20 w ' . w w . ‘ r
Computed Using BLYP, B3LYP, and TH2 Functionals,
Compared to ab Initio Values 00
quantity BLYP B3LYP TH2 ab initio
H— H'—H 20
R(H—H') 0.936 0.930 0.931 0.930
CHa—H'—CH;, e
R(C—H") 1.359 1.348 1.362 1.36 2
CHs—H'—H" -
R(C—H") 1.410 1.394 1.401 1.393
R(H—H") 0.905 0.903 0.909 0.897 80
6(H—C—H") 103.3 103.5 103.5 1037
NH—H'—H" 00
R(N—H") 1.353 1.314 1.311 1.307
R(H'—H") 0.881 0.891 0.903 0.890 120
O(N—H'—H") 162.1 161.4 162.8 1587
R(O—H) HO_H:'L_4H0'€; 1525 1329 e 10 12 14 1.6 18 20 22 24 26 2.8
R(H—H") 0.808 0.787 0.829 o #)
0(0O—H'—H") 163.4 164.1 16238 Figure 3. Reaction profiles for b+ OH — H + H,O with the B3LYP,
CHs—H'—OH BLYP, and TH2 functionals. The energy (in kcal/mol) is relative to
R(C—H") 1.222 1.227 1.181 the reactants.
R(O—H") 1.313 1.342 1.330 . . o . )
9(C—H'~-0) 173.4 174.3 1724 a positive barrier, even earlier in the reaction profile than for
aReference 242 Reference 25¢ Reference 267 Reference 27 BSLY-P' In Elgure 3 V\{E Sumr.narlze.these results by p.lottlng
; . . . reaction profiles for this reaction using the three functionals.
TABLE 6: Classical Reaction Barriers (in kcal/mol) Following Baker et al. we optimize structures for a variety of
Computed Using BLYP, B3LYP, and TH2 Functionals, fixed Hy+--OH separations; energies are relative to the reactants.
Compared to ab Initio Values Like BLYP, the B3LYP profile is attractive at large separation,
reaction BLYP B3LYP TH2 ab initio although it becomes repulsive as the reactants approach one
| 276 201 788 961 another. The TH2 profile is repulsive right up to the transition
I 13.64 15.92 13.35 175 state.
n 8.14 9.78 8.95 11.81 The results for reaction VI are analogous to those of reaction
v 3.51 6.33 5.86 9.51 V. BLYP predicts an attractive energy profile with no physical
v 1.23 0.89 5.62 barrier. Both the TH2 and B3LYP functionals yield physical
Vi 2.58 0.48 6.62 transition states, whose geometries agree well with the best ab
2 Reference 24° Reference 25: Reference 26¢ Reference 27. initio values. The barrier with TH2 is significantly lower than
the B3LYP value.
Reaction 1V is a difficult case for BLYP. The barrier is Next, consider experimental reaction barriers rather than ab
significantly too low, and the transition state occurs much too initio ones. To compare with these quantities, several correc-
early in the reaction profitei.e., at a large Nkt--H, distance. tions must be made to the computed classical barriers in Table

The B3LYP and TH2 structures and reaction barriers are 6. First, basis set superposition errors (BSSE) must be
comparable and are a significant improvement over BLYP.  accounted for. Our calculations demonstrate that the BSSE is
Reaction V is particularly interesting. Baker ePaéxamined ~ largest for the BLYP functional and smallest for TH2. BSSE
the system for a range of fixed,H-OH distances. With the  corrections increase the barrier by between 0.13 and 0.36 kcal/

BLYP functional, they observed a transition state whose energy mol for the TH2 functional. Following Kraka et &.we also

was below the energy of the reactants. (The same observationinclude vibrational corrections at 300 K as defined in ref 28
was made in ref 18.) With a very extensive basis set, Baker et Which can raise the barriers by up to 0.7 kcal/mol (neglecting
al. did not observe this feature in their range of-+OH the lowest mode in reactions Il and VI), and Wigner tunnéfing
distances, and so the reaction profile became purely attractive.corrections at 300 K:

In contrast, their B3LYP results exhibited a well-defined positive )

reaction barrier. L|k_e Skokov and Wheeler, this stuo_ly led Bakgr AE = —kT. u u= hv/kT (24)

et al. to stress the importance of exact exchange in describing 12(1+ u?/24)

this abstraction reaction. Our BLYP results for this reaction

are consistent with these earlier studies. In our attempt to locatewherev is the magnitude of the imaginary harmonic frequency.

a transition state, the #+-OH distance slowly increases to 2.8 This term can lower the barriers by up to 0.9 kcal/mol. The
A, at which stage the gradient falls below the required tolerance largest correction to the classical barrier arises due to zero-point
to define a transition state. The energy of the resulting structure vibrations, which vary betweer1.1 and+2.1 kcal/mol. We

lies below that of the reactants. However, given that the surface have not included any other temperature effects due to changes
is very flat and that Baker et al. demonstrated that the position in the number of translational and rotational degrees of freedom,
of this feature is strongly basis set dependent, we do not assignas we are uncertain of their theoretical justification for transition-
any physical significance to the feature and simply conclude state reactions. In Table 7, we compare these corrected barriers
that the BLYP description is incorrect, as it does not predict with experimental values. (It is clear from the experimental
any physical barrier. Our B3LYP calculations do predict a papers that there is some uncertainty in the experimental barriers,
positive reaction barrier, although it occurs earlier in the reaction typically 0.5 kcal/mol, for several of these reactions.) Both the
profile than the ab initio result. The TH2 functional also predicts B3LYP and TH2 functionals have a mean absolute error of less
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TABLE 7: Classical Reaction Barriers (in kcal/mol), For the two cases where BLYP completely fails to predict a
\C;%rr'ft%%g If%rﬁggt?fé rije@}gr?é?t%{;maé;%%&gggw?é d Using reaction barrier, the TH2 functional, like B3LYP, does predict
BLYP, B3LYP, and TH2 Functionals, Con%pared to a positive barrler: The rgsults qlemonstrate thqt |mprpved
Experimental Values _hydrgge_n abstr?cthn rea:c:non barrle? clan behobtamgd W|trt1]out
action BLYP B3LYP Tho expt ;Etr:gti gr(::irllg a fraction of exact orbital exchange into the
| 2.31 3.19 6.97 9F
Il 13.10 15.27 12.70 1453 Acknowledgment. We are grateful to Professor R. A.
1 9.74 11.14 10.42 10%7 Wheeler for providing a preprint of ref 18 and to Dr. S. Skokov
v 5.91 8.40 7.69 85 for clarifying the definition of the tunneling correction to the
\Y 2.39 2.50 4.6 barrier
VI 1.61 —0.12 3.7 '
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