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A simple coupling scheme between nonlocal HartrEeck exchange, gradient corrected local spin-density
exchange, and the Pade approximated Vosko, Wilk, and Nusair correlation functional is reported. The
combination of these functionals with the electrons kinetic and Coulomb repulsion terms yields a method
that scales as'N®, whereN is the number of basis functions, comparedd’ for Gaussian-2 (G2) ab initio

theory and~N* and ~N? for Becke’s B3LYP and Bx88/Bc95 density functional approaches. The reported
method is denoted by HFBVWN, which stands for HartreeFock—Slater-Becke-Vosko—Wilk —Nusair.

The results of HFSBVWN/6-311+g(3df, p) computations on atoms of the first two rows of the periodic
table, hydrogerrargon, and selected small molecules showed that the method underestimates atomic and
molecular exchange-correlation (XC) energiesb¥.13% and 0.14%, respectively. We demonstrated that
the application of Dewar’s atom equivalent scheme to atomic energies partially compensated for the errors
in XC energies. Atom equivalents for hydrogen through chlorine, excluding the noble gases, were derived.
In a data set comprised of 150 atomic and molecular species, the reported method achieved average absolute
errors of 1.8 kcal/mol and 0.12 and 0.13 eV for room temperature heats of formation, ionization potentials,
and electron affinities, respectively. The overall average absolute error of B¥8/N method, 2.5 kcal/

mol, is thus within 0.5 kcal/mol from the corresponding accuracies of G2 and Bx88/Bc95 theories, 2 kcal/
mol, and superior to the B3LYP (3.5 kcal/mol) and BLYP (3.9 kcal/mol) methods. The-BNSVN/6-
311+g(3df, p) level of theory is much less computer intensive than the G2, B3LYP, and Bx88/Bc95 theories
and, thus, may be applicable to larger molecular systems than those attainable by the latter approaches.

I. Introduction mediates. The average absolute error in computed thermo-
One of the central goals of quantum chemistry is the chemical pr_operties fr_om G2 theory is within 2 kca_l/mol from
computation of electronic and thermodynamic properties of corresponding experimental value:®> However, its ~N’
molecular systems with an accuracy-62 kcal/moll~15 For scaling properties, wherid is the number of basis functions,
highly reactive molecules, radicals, and transition states which Prehibits the application of G2 to chemical systems containing
evade experimental measurement of their thermochemicalMore than 8-10 atoms. A promising alternative to ab initio
properties, quantum mechanical methods represent the 0n|ytheories with less stringent scaling properties are DFT-based
possible tools for predicting their structures and energdtics. Methodologieg-811.14.16
Indeed, recent advances in computer technology and the In a series of systematic studies, Becke formulated several
concomitant development of efficient ab initio and density semiempirical DFT-based methods for predicting structures,
functional theory (DFT) computer codes led to the formulation energies, and corresponding thermochemical properties of
of several methodologies capable of predicting the thermo- molecular system®¥ The most popular of these methods are
chemical properties of molecular systems with the required Becke’s three-parameter procedure, B3L¥®3nd its successor
target accuracy?©81516 Bx88/Bc95%¢ The general strategy used in formulating B3LYP
Gaussian-2 (G2) ab initio theory is one of the most reliable and Bx88/Bc95 relies on the observation that DFT methods in
computational tools available nowaddys. It is based on which the nonlocal HartreeFock (HF) exchange term is
computations using the 6-3+G(3df, 2p) basis sets. Inaddition, replaced by any of the available gradient corrected exchange-
a correction term is added to account for the nonadditivity of ¢orrelation functionals cannot reproduce correctly the exchange-
diffuse sp and 2df functions. Electron correlation is partially only limit of HF theory® To remedy this problem, Becke
accounted for using MollerPlesset perturbation theory and jniroduced a new class of hybrid HDFT theories in which
quadratic configurat!on interaction. The incomplete treatment ha exact nonlocal HF exchange is semiempirically mixed with
of electron correlation in G2 theory led Pople et“alto the local Slater exchange through the adiabatic connection
introduce an empirical higher level correction term. G2 theo_ry formule*16 and appropriate gradient-corrected exchange-cor-
has been shown to be successful in predicting geometries, .| tion functionald:1617 To date, the large body of reported

vﬂ:(m)ragc:gal Jfrequnelgccl)es, nin(tj a?lﬁglrog'?e and dt.hz{moa(:]):jngntwlc computations using various DFT-based methods support the
Properties of numerous neutr ecules, radicals, INteT" contention that hybrid HFDFT functionals are by far the best

: i Iahla811-14,16
* To whom correspondence should be addressed. Telephone: (301) 738.9€nsity functionals currently availabte?!+~141° The accuracy
6133. Fax: (301) 738-6255. E-mail: Sherif@carb.nist.gov. of predicted atomization energies is withir-3 kcal/mol, and
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bond lengths and angles are within a few percent of corre- to Kohn—Sham (KS) spin orbitalg;XS which satisfy the one-
sponding experimental values. However, B3LYP and Bx88/ electron KS equation. In atomic units, the KS equation takes
Bc95 scale as~N* and ~N®, respectivelyt> Therefore, one  the following form:

may ask the following: is it possible to devise an approximate

DFT scheme with less stringent scaling properties while [—Y,V? + Vil 9 = Egp® 4)
maintaining the target accuracy;2 kcal/mol, in computed
thermochemical properties of molecules? where Vs is given by
Largely inspired by the elegant work of Beckewe report
a semiempirical HFDFT methodology which scales as\® Viks = Vin t Ve T Ve (5)

and, thus, could be applied to larger chemical systems than G2,

B3LYP, and Bx88/Bc95. The reported methodology mixes the &1

HF and gradient corrected local spin-density exchange using Vo = 0E. 1S (6)
the adiabatic connection formutd$ together with the Pade xc xclop
approximated Vosko, Wilk, and Nusair (VWN) correlation
functional!® The atom equivalent scheme proposed by DéWwar

is then used to empirically correct the computed atomic energies
such that the calculated heats of formation of 118 molecules
and radicals are reproduced withir2 kcal/mol from corre- Excle] = Exlp] + Eclp] (7)
sponding experimental values. The data set used to validate

the reported methodology includes the G2 thermochemical datag,[ o] accounts for the repulsion between electrons with parallel
which served as an excellent test for comparing the performancespins oo + BB, andEc[p] recovers the remaining-ee repulsion

of various quantum chemical methods. that was not accounted for ifo] and Ex[p], together with a

Similar to the reported methodology in & scaling, Gill et kinetic energy component resulting from the dynamic motion
al8d developed a DFT-based method in which the HF exchange of the electrons.
has been completely replaced by Becke’s gradient-corrected Now, we consider the specification of functionals. For the
exchange. The correlation functionals used were those due toexchange part, we employ the following adiabatic connection
LYP and VWN?2b:18and the method was abbreviated as BLYP. formulalé
We will demonstrate that the DFT approach developed in this
work is superior to BLYP in terms of accuracy of calculated Ey[p] =0.20(HF, — S) (8)
electronic and thermodynamic properties of molecules.

The paper is structured as follows. In section Il we describe where, Hk and & are the nonlocal HF and local Slater
the mathematical and computational aspects of the method. Theexchange, respectively. Notice that eq 8 is identical to the
application of the model to 150 atomic and molecular systems corresponding term in the B3LYP meth&d.
and comparisons with the G2, Bx88/Bc95, B3LYP, and BLYP  As to the correlation componerc[p] in eq 7, we use the
methods are discussed in section Ill. The general conclusionsMonte Carlo simulations of Ceperley and Alder to the local

In practice, the exchange-correlation energy termin eq 1 is
further decomposed into an exchangg, and correlationkc,
components:

drawn from the reported model are given in section IV. spin density and empirically scale the associated Pade ap-
proximated parametrization of the free electron gas due to
Il. Theoretical Model Vosko, Wilk, and Nusair (VWN}2 together with a generalized

In this section, the mathematical and computational ap- gradient-correction term for exchange as given by eq 9:

proaches used in developing the present model are given. Weg = 0.8CE.(VWN) —
did not attempt to review the vast literature on DFT because it clpl = 0-8%xc( )

has been elegantly and thoroughly presented in several recent 0.0018%p(r)**x*(1 + 6bx sinh * x) ™0
reviews?-813.14.16 —43
In DFT, the total electronic energf, of anN-electron atom b=0.0042 x=p(r) Vel 9)

or molecule with electronic densify can be written as The empirical scaling factors, 0.80 and 0.00189, appearing in

E=E +E,+E,+Ec (1) eq 9 were set such that, upon solving eg$4or the hydrogen
atom using the 6-311g(d, p) basis set, we get an H-atom energy
where Er is the kinetic energy of independent electrons whose ~ 0.5 au. The constart, whose value is 0.0042 au, was
density isp, Ey is the sum of nuclearelectron (n-e) and determined by Beckéfrom a fit to exact HF exchange energies
nuclear-nuclear (r-n) potential energiesE; is the classical ~ Of the noble gases He through Rn, and the dimensionless
Coulomb repulsion energy between two charge distributions parametex accounts for the nonuniformity of electronic charge
p(r1) and p(ro) density. Clearly, the reported methodology is a combination
of HF, Slater, and Becke’s gradient correction to exchange
E,=0.50p(r,)|Ary, | p(ry)0 @) together with VWN correlation functionals. Accordingly, we
abbreviate the method by HFBVWN.
andExc is the exchange-correlation energy which accounts for ~ For all molecules and radicals considered in this paper, full
the exchange energy due to antisymmetry of the electronic wavegeometry optimizations with analytical derivatives using the
function and dynamic correlation resulting from the motion of HFS—BVWN/6-31g* method, followed by single point com-
electrons. Therefore, given an approximate functiéialand putations at the HFSBVWN/6-311+9(3df, p) level of theory,

p defined by a set of orthonormal spin orbitats as were performed. For open shell systems, unrestricted wave
functions were used. Geometry optimization was terminated
p= Z‘:lvN il (3) when the largest component of the gradient was smaller than

0.0001 hartree/bohr. Thermal corrections to atomic enthalpies
the energy expression given by eq 1 is then minimized and leadsand molecular energies are unscaled values computed from the
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TABLE 1: Computed HFS—BVWN/6-311+g(3df, p) Total

species considered in this work, the unscaled zero-point energies=nergies (au) and Corresponding Correlated Hartree-Fock

are taken as a measure of the thermal correction.

(HF) Values for Atoms of the First Two Rows of the
Periodic Table and Selected Molecules

Because unrestricted wave functions are not eigenfunctions

of the total spin operato®, they are normally contaminated species HFSBVWN® HP?
by higher spin states, e.g. a doublet radical can mix in a H —0.500 966 —0.5
quadruplet or even higher spin states. This admixture of higher He _2-920 318 _2-9032
spin states lead to incorrect energies and unrealistic spin Li ~7.46595 ~7.4781
-, . ST Be —14.624 569 —14.6673
densities. The degree of spin contamination can be seen from B 24,594 798 24 6539
the expectation value of thé&®[=YS + 1), whereS s the C —37.769 113 —37.8451
total spin]. Spin contamination can be eliminated by using N —54.493 976 —54.5895
appropriate spin projection methods or performing spin-restricted 0 —74.952 080 —75.0673
: ; F —99.594 426 —99.7313
computations on open shell systetns. However, in all open
shell calculations reported in this work, spin contamination from Ne —128.768 092 —128.937
. , P +SP _ Na ~162.069 116 ~162.241
h|gher spin states was generally less than 0.5%. _In view of Mg —199.844 536 —200.038
this small spin mixing, no corrections to the unrestricted wave Al —242.111 164 —242.331
functions and energies were performed. Si —289.092 837 —289.343
All of the optimization, diagonalization, numerical integration P —340.954 772 —341.234
tines, and DFT exchange-correlation functionals used in S —397.773 690 ~398.093
routines, and 9 onals. Cl —459.775 521 —460.142
connection with HFSBVWN method are contained in the Ar —527.130 780 —527.542
GAUSSIAN94 progrant® All calculations were done on an CH, —40.437 336 —40.510
SGl Indigo-2 XZ work station with 128-MB of memory and ”HS —gg-g‘ig gg; —gg-ig?
-GB hard drive. 2 . o
5-GB hard drive HF —100.317 117 —100.447
. . CcOo —113.120 708 —113.316
Ill. Results and Discussion N, —109.339 618 —109.534
H20, —151.327 706 —151.549

This section is divided into three parts. In subsection A, we
demonstrate that the HFBVWN/6-311+g(3df, p) level of

theory underestlmates atomic and molecular exchange-.cprrela-_l_ABLE 2: Empirically Corrected HES —BVWNI/
tion energies. To overcome _the Iatter probI(_am we empirically 6-311+g(3df, p) Atomic Energies (au) of Hydrogen through
correct the calculated atomic energies using Dewar’'s atom Chlorine

equivalent schem®!® The corrected energies of hydrogen

aPresent work® See refs 20 and 21.

. . : . atom HFS-BVWN corr values diff

through chlorine are then used in connection with the results
of computations to calculate the heats of formation of selected llj :g'zgg ggg :g-ig? ‘l‘g :8-882 ‘7‘2
moIecn_JIes and radicals, _su_psectlon B, as well as ionization g —14.624 569 —14.636 48 0.0119
potentials and electron affinities of selected atomic and molec- g —24.594 798 —24.598 76 0.003 96
ular species, subsection C. Comparisons between the reported C —37.769 113 —37.765 32 —0.003 79
methodology and the G2, Bx88/Bc95, B3LYP, and BLYP N —54.493 976 —54.490 53 —0.003 45
approaches pertaining to the accuracies of computed thermo- (F) _gg-ggi ggg _;g-ggg gf _8-883 glG
chemical properties are dlscusged in subsections B and C.. Na 162069 116 16206157 000755

The computed atomic energies, corrected atomic energies, g —199.844 536 —199.844 54 0.000 0
total molecular energies, thermal corrections to atomic and Al —242.111 164 —242.104 68 —0.006 48
molecular energies, room-temperature heats of formation, atomic ~ Si —289.092 837 —289.088 88 —0.003 96
and molecular ionization potentials, and electron affinities of P —340.954 772  —340.950 98 —0.00379
selected chemical systems using the HBYWN/6-3114-g- gl :ig;:;;g gg(l) :ig;:gg 8411 :8:88? ig

(3df, p) method are listed in Tables-5, respectively.

A. Derivation of Atom Equivalents for H through CI. The properties of molecules based on the atéfghe advantage
calculated atomic energies of H through Ar using the HFS  of Dewar’s atom equivalent scheme (AES) over corresponding
BVWN/6-311+g(3df, p) method are listed in Table 1. With approaches based on bond and group equivalents is its simplicity
the exception of hydrogen, these energies are on the averagand generality?1922 The thermochemical properties of mol-
0.13% higher than corresponding correlated HF values of ecules, radicals, transition states, intermediates, etc., could be
Veillard and Clement®® That is, the latter values are closer estimated by the AES. For example, recently Mole e¥al.
from an energy standpoint to the nonrelativistic exact values. applied the AES in connection with B3LYP/6-311g(d, p),
The reported method is thus expected to underestimate moleculaBLYP/6-311g(d, p), BSPW91/6-311g(d, p), BPW91/6-311g(d,
XC energies by more than 0.13% due to the presence of bondsp), B3P86/6-311 g(d, p), and LSDA/6-311g(d, p) methodologies
a factor not present in atomic systems. As shown in Table 1, to calculate the heats of formation of 23 stable hydrocarbons.
the computed total energies of some simple molecules by-HFS The results of this extensive study demonstrated that the BSLYP/
BVWN/6-311+9(3df, p) are on the average 0.14% higher than 6-311g(d, p) method together with the AES produced the best
corresponding correlated HF values of Ermler and Kérn. heats of formation for the 23 hydrocarbons. The atom
Therefore, for a given molecule, its XC energy is at least equivalents of carbon and hydrogen derived from the results of
underestimated by 0.01% relative to the corresponding energiesB3LYP/6-311g(d, p) computations were then used without any
of constituent atoms. How can we compensate for the latter further adjustment to compute enthalpies of formation for some
error in computed molecular XC energies? radicals with an overall average deviation 62 kcal/moll?

Approximately 18 years ago, Dewar proposed a general However, Mole et al® completely omitted the thermal correc-
scheme for reducing the errors in computed thermochemicaltions to molecular energies in their computations of the heats
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TABLE 3: Theoretical and Experimental Gas-Phase Heats of Formation AHy.,9s (kcal/mol) of Selected Molecules and Radicals

tot. energy thermal AHs tot. energy  thermal AHs

species (au) corr (au) theo exptfs species (au) corr (au) theo expts
H —0.500 49 0.002 36 52.1 GO —188.293293 0.014940 —98.5 -94.1
Li —7.461 18 0.002 36 38.1 Cs —435.804599 0.005 461 69.3 68.5
Be —14.636 48 0.00236 775 GS —833.755081 0.010 031 24.0 280.2
B —24.598 76 0.002 36 134.5 2F —199.248 036 0.004 905 0.0 0
C —37.765 32 0.002 36 171.3 H —1.175511 0.012268 —0.6 0
N —54.490 53 0.002 36 113 A0 —114.314 853 0.029108 —28.1 —26.0+0.2
e} —74.950 08 0.002 36 59.6 8S —437.054 133 0.027 824 28.6 26122
F —99.594 11 0.002 36 18.7 B —76.318969 0.023285 —56.9 —57.8
Na —162.061 57 0.002 36 25.6 B —151.327706 0.028876 —32.1 —32.6
Mg —199.844 54 0.002 36 35.3 B —399.062 303 0.017699 -5.4 —-4.9
Al —242.104 68 0.002 36 78.2 B —796.924 149 0.021 588 4.4 4
Si —289.088 88 0.002 36 108 HCI —460.443 607 0.008900 —22.4 -22.1
P —340.950 98 0.002 36 75.6 HCN —93.253582 0.019 199 32.0 32.3
S —397.77051 0.002 36 66.2 HCO —113.667 301 0.015930 5.4 8491.2
Cl —459.774 04 0.002 36 29 HCS —436.400 132 0.014 729 66.1<0or=73
Al —484.270 557 0.003 463 117.2 116£40.8 HF —100.317 117 0.011074 —64.8 —65.1
AlF —341.958081 0.004226 —63.1 —-63.5+0.8 HQO —150.685926 0.016890 —1.6 2.5+ 0.6
BeF —114.446 676 0.005192 —39.1 —40.6+2 HOCI —535.483 744 0.014500 —17.3 -19
BeH —15.217500 0.006 693 80.3 82 HOF —175.296 242 0.016 404 —21.6 —-23+1
BeO —89.750612  0.005 849 34.9 32463 Li, —14.961684 0.003 519 50.8 51460.7
BeS —412.524 171  0.004 695 70.2 70.6 LiCl —467.41498 0.003908 —46.2 —47+3
BH —25.227 334  0.007 597 106.5 10582 LiF —107.276 473 0.004 449 —82.2 -81
BHCI, —945.141152 0.018508 —59.6 —59.3+1 LiOH —83.249560 0.015728 —56.7 —58.8
BHF, —224.935560 0.021322-175.2 —175.4+0.8 MgH, —201.012985 0.012 335 37.7 39.7
CH —76.455398 0.015 596 133.8 1351 MgS —597.693 126 0.003 751 51.9 52
C;H, —77.177080 0.029 507 54.4 5450.25 N —109.339 618 0.008 164 3.2 0
C,H,Cl, —996.907 463  0.038 528 0.3 0.2 NoF2 —308.574 484 0.015 358 12.9 191
CoH3 —77.748 244 0.039 122 66.7 68.4 Pl —110.453 730 0.030 923 47.7 51
C,HiCl —537.672018  0.046 392 4.8 505 Na —324.146 636 0.003 565 35.7 34400.3
C,HsF —177.543597 0.047628 —37.0 —33.5+0.4 NaCl —621.990728 0.003512 —435 —43.0
CoH, —78.431770 0.053 272 11.3 12450.2 NaF —261.839401 0.003829 —71.5 —70.3
CoHs —78.999460 0.062 319 25.4 26 NaH —162.640 069 0.005 080 29.0 29.6
CoHe —79.668 111 0.077089 —20.2 -—20.1 NaOH —237.810485 0.012680 —46.4 —46.4
C3HsN3 —279.844 246 0.069 669 51.2 540.2 NH —55.785142 0.021 330 41.9 42.3
CsHs —117.025493  0.081 209 43.5 391115 NH; —56.465937 0.036580 —11.1 -11.0
CsHe —117.657 828 0.083418 12.8 12470.2 NO —129.686 66  0.007 001 19.6 21.8
CsHeO3 —342.999 09 0.104 028 —108.0 —111.4+01 O —150.101512 0.006 186 —6.2 0
CsHs —118.900991 0.108 625 —22.1 —25.0+£0.1 O(sing.) —225.081067 0.010 348 36.0 34
C4HsN, —263.812086  0.081 209 46.5 46180.3 OFR —274.290 644 0.008 648 2.4 5490.4
CsHg —156.891247 0.113298 9.5 6480.2 OH —75.622 729 0.010 311 7.2 930.3
CsHsN —247.795924  0.093 270 32.1 33 2 P —682.083791 0.004 348 36.9 34430.5
CsH40, —380.762296 0.091582 —28.2 —29+1 PH, —684.492 662 0.039512 6.1 5.0
CeHs —231.090 737  0.091 980 77.0 78162 PF —440.723285 0.004 376 —17.7 —125+5
CsHsCH,  —270.360625 0.120 604 50.0 4H815 PR —540.505551 0.007 983 —116.3 —115+ 0.5
CeHsCHs —271.012 849 0.134514 14.2 12400.1 PR —640.303 345 0.008 470 —226.0 —229+1
CsHsCHO —344.912194 0.116759 —8.9 -9+05 PH —342.202 328 0.016 084 28.3 33.3
CeHsCl —691.014 743 0.096 714 13.5 13100.2 PhH —342.839 214 0.026 623 0.0 1430.4
CsHsF —330.888331 0.097728 —29.8 —27.7+£0.3 PN —395.668 664 0.005 522 46.6 45.6
CeHsNH,  —287.041 7288 0.123 164 21.0 20180.2 PO —416.129 792 0.005181 -—8.0 —8+3
CsHsOH —306.891173 0.110286 —22.3 —-23.0+0.2 POR —715.458 482 0.014 261 —294.1 —300+ 2
CsHsSH —629.636 592  0.105 870 28.7 26190.2 PS —738.887 980 0.004 133 37.0 361
CsHs —231.776 458  0.103 821 18.9 194801 S —795.709506 0.004 151 26.3 30170.1
CFy —436.904 742 0.021 349 —226.7 —223.4+0.1 SF —497.502 742 0.004345 -1.8 1
CH,NH; —95.031317 0.053 878 32.2 35472 Sk —597.237 779 0.007 886 —70.6 71+ 4
CH,OH —114.874563 0.040784 -—7.3 —-6.2+15 Sk —996.077 157 0.020 425 —284.8 —291.7+ 0.2
CHy(sing.) —39.053937 0.019 424 102.7 101.6 SH —398.412579 0.008 445 31.8 33131.2
CHy(trip.) —39.077373  0.020 271 88.6 92.6 2Si —578.296 135 0.003 927 141.2 1413
CH; —39.761180 0.032 150 31.6 32.8 2194 —582.025 603 0.053528 20.2 19
CHgF —139.536 308 0.042416 —58.3 —59 SiHx(sing.) —290.334 414 0.014577 63.4 67.8
CH3OH —115.532918 0.053544 —47.7 —48.2+0.1  SiH(trip.) —290.306 639 0.014981 81.1 88.8
CHsSH —438.291423 0.049981 —45 —-55+01 Sik —290.955306 0.023 949 44.4 48151.5
CH, —40.437336 0.046965 —18.7 —17.8+0.1 SiH, —291.605 754 0.033 886 7.2 8
Cl, —919.639615 0.003 801 0.0 0 Sio —364.338644 0.005292 —20.1 —24+2
CIF —559.467 221 0.004 232 —-14.8 —12.0+0.1 SO —472.925561 0.005090 -—2.6 1.2+ 0.3
Clo —534.831342 0.004 328 21.1 23.8 S0 —548.075153 0.007 221 —68.3 —-70.9+0.1
CN —92.541 167 0.007 346 106.9 16842 SG —623.157589 0.009340 —91.9 —94.6+ 0.2
Cco —113.127008 0.007 457 —25.7 —26.4 1.8 keal/mol av error

aSee ref 23.

of formation of hydrocarbons.

This is the most serious in deriving the atom equivalents for hydrogen through chlorine

approximation made in their study, which we have overcome using HFS-BVWN/6-311g(3df, p) method, Tables 2 and 3.
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Application of Dewar's AES in connection with the results TABLE 4: Computed Atomic and Molecular lonization
of HFS—-BVWN/6-3114g(3df, p) computations on 118 mol-  Potentials (eV) Using the HFS-BVWN/6-311+9(3df, p)
ecules and radicals gave the corrected atomic energies for“i€thod and Corresponding Experimental Values

hydrogen through chlorine, excluding the noble gases, listed in

ionization potential

Table 2. The adjusted atomic energies will be used below in  species tot. energy (au) DET exptl
connectlon with molecular energies and thermal corrections to e 00 13.62 13.598
estimate the heats of formation of selected molecules and e+ ~1.988 715 24.82 24.587
radicals, Table 3. Notice that, in deriving the atom equivalents Lit —7.260 655 5.46 5.392
for H—CI, we did not omit the thermal corrections to molecular Be* —14.292 855 9.35 9.322
energies. Bi —24.274 556 8.82 8.298

B. Heats of Formation of Molecules and Radicals.The ﬁ+ :gg'gf’é igtrl’ ﬁ?g ii'ggg
room-temperature heats of formation for 118 molecules and o+ —74.439 986 13.88 13.618
radicals calculated from the results of HFBVWN/6-311+g- = —08.945 325 17.65 17.422
(3df, p) computations and the derived atom equivalents are given ~ Ne* —127.968 544 21.76 21.565
in Table 323 The enthalpies of formation were calculated using mai _18513'22411 g% ?(13; ?-éig
the following approximate formula: Alg 541888512 585 5086

Sit —288.791 899 8.08 8.1517
=\ . — . ! )] — Pt —340.569 132 10.39 10.486
AH; 505(AB) ZIZLH(AHIf, 298) {[Z|=l,n(E|,O + )] St 397 390 508 1034 10,360
(Eng, 0 t €ap)} cr+ —459.297 761 12.96 12.967
Art —526.551 312 15.77 15.76
where,AH; 295(AB) is the calculated heat of formation at 298 CoH, —76.764 021 11.24 11.4
K for the molecule AB,Yi=1n(AHi 298) is the sum of room 8_':14 :;g:g?g ggi ig:gg ig:g%
temperature heats of formation of the individual atoms in the cl, —919.222 311 11.36 115
molecule, Yi=1n(Eio + €) is the sum of calculated atomic co —112.609 988 14.07 14.01
energies B0 K and corresponding thermal correctiofigg, o H0O —75.854 048 12.65 12.62
is the calculated total molecular energy at 0 K, a@gl is the HCI —459.976 257 12.72 12.75
corresponding calculated thermal correction of the molecule AB. EE :gg'ggi ggg ig'ig ig'(l)g
A . 3 . . .

As shown in Table 3, the average absolute error in calculated 5, —149 641 900 1251 12.07
enthalpies of formation is 1.8 kcal/mol and the maximum SiH, —291.178 570 11.62 11.65
deviation is 7 kcal/mol for the hypervalent species.SFhe PHs —342.480 273 9.77 9.87
corresponding average errors in the G2, Bx88/BC95, B3LYP, P2 —681.689 058 10.74 10.53
and BLYP theories are 1.2, 2.0, 2.4, and 3.94 kcal/mol S —795.359 030 9.54 9.36

' ' ’ ’ CIF —559.006 296 12.54 12.66

respectivelyt-2:8d.16de Notice that the hydrogen atom basis set
used in this work contains only one set of p-functions as opposed
to two sets on hydrogen in the G2 and BLYP computations.
The addition of a second set of p-functions on the hydrogen to
give the HFS-BVWN/6-311+g(3df, 2p) level of theory may

aSee ref 23a,b.
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both G2 and G2(MP2) perform poorly on PQF 10 kcal/

lower the average error in computed heats of formation of mol error in computed enthalpy of formation. Additional studies
molecules and radicals containing H atoms. need to be carried out to improve the performance of the-HFS
The enthalpies of formation of the compounds containing the BVWN method for hypervalent compounds.
Li, Be, B, Na, Mg, and Al atoms, Table 3, are well reproduced C. lonization Potentials and Electron Affinities. For
within 1 kcal/mol except BeO (2.3 kcal/mol too high). How- ionization potentials (IPs), Table 4, the average absolute
ever, notice that the experimental enthalpy of formation of BeO deviation is 0.12 eV, compared with 0.195 eV for BLYP, 0.14
has an uncertainty ot3 kcal/mol. In addition, the heats of eV for B3LYP, 0.12 eV for Bx88/Bc95, and 0.05 eV for G2.
formation of open and closed shell aliphatic and aromatic The largest deviations are observed for the IP of boron atom
hydrocarbons are well reproduced by the reported method within (0.52 eV too high) and triplet £©(0.44 eV too high). The
2 kcal/mol from corresponding experimental values. Further- ionization energies listed in Table 4 can be calculated from the
more, enthalpies of formation of aliphatic and aromatic hydro- simple formula IP=[AHs.29g(ion) — AHr29g(neutral)]. Because
carbons containing heteroatoms (nitrogen, oxygen, and sulfur)we are using the same thermal correction for both the neutral
are also well predicted by the reported method. Therefore, the molecule and its corresponding positive ion, the latter equation
potential energy surfaces of gas-phase reactions betweersimplifies to IP= [Eialion) — Ewa(neutral)].
hydrocarbons and/or heterocyclic compounds can be reliably The calculated electron affinities, Table 5, have an average

explored using the HFSBVWN methodology. The application
of HFS—-BVWN in the area pertaining to predicting structure

deviation of 0.13 eV, excluding hydrogen, compared with 0.08
eV for G22 and 0.14 eV for BLYP#2 The largest errors are

and energetics of transition states as well as reaction mechanismseen for the atomic electron affinities of hydrogen (0.6 eV too

is underway and will be reported in a future publication.

The heats of formation of the hypervalent species S
SG; listed in Table 3 are reasonably well predicted by the
reported method. The enthalpies of formation of R&@id Sk
are underestimated by 6 and 7 kcal/mol, respectively. Ir#éura
reported G2 and G2(MP2) computations ors.SBurprisingly,
the heat of formation of Sfcomputed by the G2(MP2) method

low) and carbon (0.33 eV too high). Similar to ionization
potentials, the electron affinities (EAs) were computed from
the equation, EA= [Ea(neutral) — Eiaion)] and relevant
data from Tables 3 and 5. Ziegler and Guaeported an
extensive DFT study using different functionals on a subset of
the G2 data set. The average error in computed electron
affinities in the latter study was 0.2 eV. Despite the success of

is in much better agreement with corresponding experimental the HFS-BVWN/6-311+g(3df, p) and related DFT approaches
value than the more computer intensive G2 method. However, in estimating atomic and molecular electron affinities, Bééke
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TABLE 5: Computed Atomic and Molecular Electron B3LYP (~N?*, Bx88/Bc95 (~N°), and G2 ¢N’). Therefore,
Affinities (eV) of Selected Chemical Systems Using the the HFS-BVWN method seems to be a reasonable compromise
HFS—BVWN/6-311+9(3df, p) Method and Corresponding between accuracy of calculated electronic properties of molec-
Experimental Values :

ular systems and computational cost.

electron affinity The HFS-BVWN/6-311+g(3df, p) level of theory needs
species tot. energy (au) DFT exptl further improvements in the description of hypervalent com-
H- —0.507 768 0.20 0.8 pounds and molecules having triplet ground states. Future
He~ —2.110 704 -0.22 studies will also investigate the application of the reported
Li~ —7.485 343 0.66 0.618 methodology, using smaller basis sets and effective core
E?ﬁ :%i-gig gg _0(-)5g8 0.277 potentials, to large chemical systems. In addition, the prediction
c- _37.823883 159 1263 of activation energies and reaction mechanisms is currently
N- —54.492 564 0.06 under investigation.
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