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To determine the heat of formation of boron atom, a fundamental parameter in gas-phase thermochemistry,
from a thermochemical cycle involving BRhe total atomization energy (TAEY Do) of this molecule was
accurately determined ab initio in an exhaustive convergence study using coupled cluster [CCSD(T)] methods.
Basis sets up to [8s7p6d5f4g3h2i] quality have been considered, and an extrapolation for further basis set
incompleteness was applied. Inner-shell correlation, anharmonicity in the zero-point energy, and atemic spin
orbit splitting have all been taken into account. Our best computed, T&dBF;, 462.6+ 0.3 kcal/mol,

leads to a best heat of formation for gaseous botdh k& of 136.0+ 0.4 kcal/mol, in excellent agreement

with an experimental determination of 136t20.2 kcal/mol and definitively confirming recent suggestions

that the established reference value, 132.3.0 kcal/mol, should be revised. This revision will affect most
known gas-phase thermochemical data for boron compounds. As a byproduct, we obtain a dissociation energy
Do of 180.13+ 0.2 kcal/mol for the BF diatomic, in perfect agreement with experiment but with a much
smaller uncertainty.

I. Introduction Given their importance, it may strike some readers as
surprising that heats of formation for several first- and second-

Gas-phase heats of formation for the atoms are fundamentalrow atoms, notably Be, B, and Si, are imprecisely known. This
thermochemical properties, which not only relate gas-phaseis perhaps the most striking for boron, where the accepted
dissociation energies and other reaction enthalpies to heats ofexperimental AH(B(g)) valué of 132.7 + 3.0 kcal/mol
formation, but are also required in semiempirical as well as ab carries a very large error bar owing to complications involving
initio computational methods, to permit translation of the metallic impurities. A much higher valdef 136.2+ 0.2 kcal/
computed results into the heats of formation universally mol was rejected by the JANAF compilélrs.

employed by thermochemists and the many chemists in industry  This large uncertainty carries over into many gas-phase data

and academia relying on thermochemical data. for boron compounds. Moreover, any ab initio or semiempirical

scheme for calculating molecular heats of formation will involve

t Email: comartin@wicc.weizmann.ac.l. (when applied to boron compounds) the heat of formation of
*Email: taylor@sdsc.edu. boron atom through the identity (at 0 K)
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AHET(AKBICm'") - kAHfo,T(A) - IAHET(B) - mAH?,T(C) -
= E(ABC,..)FRTL—k—1—-m—..)
— KE{(A) — IE{(B) — ME(C) — ... (1)

(where T is the temperature), and hence uncertainties are
introduced, which in some cases may dwarf the intrinsic
uncertainties of the underlying methods. Given the great
practical importance of boron compounds in many areas of
chemistry, this is obviously an unsatisfactory state of affairs.
Storms and Mueller (SM)had previously recommended a
much higher and more precise value of 13&®.2 kcal/mol.
Ruscic et al3 reviewing the experimental data, concluded that
the JANAF value was in error and recommended the SM value.
Recently, Ochterski et dl.combined calculated atomization
energies using the CBS-APNO hybrid ab initio/fempirical
schemewith an accurate CODAT®heat of formation for BE;
271.2+ 0.2 kcal/mol, and the established heat of formation for
F(g), 18.47+ 0.07 kcal/mol, to obtain 135.7 kcal/mol. On the

basis thereof, they too recommended the SM value. Note that

this value does not include a correction for the spditbit
splitting in atomic fluorine and therefore is about 1.1 kcal/mol
too high (see below). In another study, Schlegel and Harris
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studies (see ref 19 for a review), this method is known to yield
correlation energies very close to the exact (full configuration
interaction) basis set correlation energy for systems where
nondynamical correlation is not very important. A quantitative
measure for the importance of nondynamical correlation is the
771 diagnostic?® in the present case, we obtaify = 0.0161

for BF; and 1 = 0.0217 for BF at the CCSD(T)/AV5Z (see
below) level, values which suggest systems largely dominated
by dynamical rather than nondynamical correlation.

For the valence correlation energy, four different augmented
correlation-consistefit polarized valencen-tuple ¢ (aug-cc-
pVvnZ, or AVnZ for short) basis sets were used, with con-
tracted sizes [5s4p3d2f] (AVT), [6s5p4d3f2g] (AVQ2ZD),
[7s6p5d4f3g2h] (AV529), and [8s7p6d5f4g3h2i] (AVED),
corresponding to 46, 80, 127, and 189 basis functions per atom,
respectively. The “augmented” refers to the presence of one
low-exponent (anion region) basis function for each angular
momentum: given the polar character of theBbond, their
presence in the basis set was considered essential.

Since for basis sets as large as the one used in the present
study, the HartreeFock part of the energy is essentially
converged, it does not matter much which extrapolation formula
is used, if any: in the present work, we have employed a

found that computed heats of formation using the Gaussian-2geometric extrapolatidf of the typeA + B-C™", wheren = 3,

(G2) method for a number of boron compounds agreed much

4, 5, 6 for AVTZ, AVQZ, AV5Z, and AV6Z basis sets,

better with experiment if the reference value for gaseous boron respectively. Such an extrapolation from &Y AVmZ, and

was taken as the SM rather than the JANAF value.

Recently, the present authors developed a techhithat
permitted the calculation of the total atomization energies of
14 small polyatomics with a mean absolute deviation from
experiment of 0.12 kcal/mol. The method involves coupled
clustet911 [CCSD(T)] calculations with successive basis sets
of spdf, spdfg, and spdfgh quality and an extrapoldfibased
on the theoretical asymptotic convergence beha¥idof the
correlation energy in terms of the maximum angular momentum

AVnZ results is denoted Felldnin).

Following ref 9, the correlation energy was extrapolated using
a three-point formula of the typ& -+ B/(n + 1/,)*, the result of
which is denoted Schwaxiflmn) for extrapolation to CCSD-
(T)/AVIZ, CCSD(T),AVmz, and CCSD(T)/AWWZ results.

Inner-shell correlation was treated using the Wedunning
correlation-consistent polarized cerealencen-tuple zeta or
cc-pCWnZ basis set$ (CVnZ for short) and their “augmented”
counterparts aug-cc-pGW (or ACVnZ for short). These are

| represented in the basis set. In addition, separate calculation®btained by adding the following sets of high-exponent (inner-

with special core-correlation basis Sé&&were carried out to

assess the differential effect of inner-shell correlation, and the
contribution of anharmonicity to the zero-point energy was
treated explicitly. All of the above were found to be necessary
to achieve this accuracy, and in cases involving multiple bonds,

shell region) basis functions to the correspondimy\ér AVnZ
basis set: [2s2pld] fon = T, [3s3p2dif] forn = Q, and
[4s4p3d2flg] fom = 5. The largest core correlation basis set
considered here, ACV5Z, contains 181 basis functions per atom.
All calculations were carried out at CCSD(T)/cc-pvVQZ

an additional basis set step toward basis sets of spdfghi qualityreference geometries, taken from ref 25 in the case afdBi

was in orde? It should be stressed that the method does not
rely onanyempirical corrections and is thus purely “ab initio”.

The formidable requirements of this method in terms of
computing resources limited its applicability at the time to
molecules including at most three nonhydrogen atoms. In the
present work, we report its application to the total atomization
energy of the BEmolecule and thus (indirectly) to the heat of
formation of gaseous boron. As a byproduct, we obtain for
the first time an accurate dissociation energy for the BF
diatomic.

Il. Methods

All electronic structure calculations were carried out using a
prerelease version of MOLPRO Y#unning on an SGI Origin
2000 minisupercomputer at the Weizmann Institute of Science
and, for the larger calculations (which involve up to 500 basis
set functions and more), on the National Partnership for
Advanced Computational Infrastructure CRAY T90 at the San
Diego Supercomputer Center. The CCSD(T) electron correla-
tion methodt®11as implemented by Hampel et &.was used
throughout. (The definition of ref 11 for the open-shell

calculated in this workr(= 1.2675 A) in the case of BF.

The anharmonic zero-point energy for Bkas obtained from
combining a recently comput&dset of anharmonic constants
with the experimental fundamentals (see ref 25 for detailed
references).

As has been pointed out repeatedly (e.g., ref 26), since
nonrelativistic calculations yield energies corresponding to an
average over spinorbit sublevels for the atoms rather than the
lowest-energy spinorbit sublevel, the computed atomization
energies need to be corrected downward for-sptit splitting.

The corrections amount t60.029 kcal/mol per boron atom and
—0.385 kcal/mol per fluorine atom, adding up t®.41 kcal/
mol for BF and—1.18 kcal/mol for BE.

lll. Results and Discussion

All relevant energies are given in Table 1.

The SCF component of the atomization energy of B
clearly converged with the basis set, differing b9.02 kcal/
mol between AVQZ and AV5Z basis sets. (It should be noted
that the geometry used is not the SCF optimum geometry with
these basis sets; hence, the SCF binding energy does not

CCSD(T) energy was employed for the atoms.) From extensive necessarily increase monotonically with improvement of the
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TABLE 1. Computed Thermochemical Properties for BF;, memory on the CRAY T90. A CCSD(T)/AV6Z calculation
BF, and B in the Gas Phase. All Values Are in kcal/mol on BFR;, at 756 basis functions, would be beyond our current
BF; BF capabilities. However, by considering the BF diatomic as a
SCF Component of TAE model system, we can gauge the effect of further basis set
SCF/AVTZ 373.59 142.30 extension.
SCF/AVQZ 374.61 143.03 The SCFD, for BF increases by only 0.05 kcal/mol from
SCF/AVSZ 374.59 143.08 AVQZ to AV5Z: further extension of the basis set to AV6Z
Eg:;/f(%gg) 374.59 1;‘23(_)38 oqu adds on another 0.01 kcal/mol. Again, we may consider
Feller(Q56) 143.08 this component ofD. to be converged for all intents and
best SCE 374.59 143.09 purposes. The degree of convergence is illustrated by the fact
Valence Correlation Component of TAE that the Feller(Q56) total SCF energy124.168 760Ey, lies
CCSD(T)/AVTZ 87.38 35.63 only 20 uE, above the numerical Hartredock energy’ of
CCSD(TY/AVQZ 91.83 37.63 —124.168 779 &,
gggggg;ﬁ&g% 93.19 3352114? The correlation component, however, increases by 0.55 kcal/
Schwarta(TQ5) 94.03 38.35 mol from AVQZ to AV5Z, while further baS|s. set extensn_)n to
Schwartz(Q56) 38.76 AV6Z adds on another 0.25 kcal/mol. The important thing to
best valence cof. 95.13 38.76 observe, now, is that the correlation part Bf as directly
Inner-Shell Correlation Component of TAE computed with the AV6Z basis set is actualiyger than the
CCSD(T)/CVTZ 1.366 0.482 Schwartn(TQ5) extrapolated value. As a result, the latter is
CCSD(T)/CVQz 1.724 0.629 0.37 kcal/mol smaller than the Schwar{®56) value. The
CCSD(T)/CV5Z 0.670 value ofa increases from 3.51 in the TQ5 extrapolation to 3.82
gcchsw&%gg\f%z 1563 Od§59567 in the Q56 extrapolation: the corresponding values for the MP2
CCSD(T)/ACVQZ 1772 0.648 correlation energy are 2.87 and 3.29, respectively.
CCSD(T)/ACV5Z 0.676 Since BF actually contains three bonds that are quite similar
aug-Schwarta(TQ5) 0.698 to the one in BF, it seems indisputable that the difference
best core corf. 1.922 0.698 between SchwartgTQ5) and Schwartz(Q56) would be ap-
best TAE r . 471.65 182.54 [ ly three times that in BF. Hence we obtain an
spin—orbit correctiof —1.184 —0.414 proximately tr _ .
best TAE 470.46 182.13 estimated basis set limit for the correlation part of TAE of 95.14
ZPVE 7.887 1.996 kcal/mol. In combination with the SCF contribution of 374.57
best TAR 462.63 180.13 kcal/mol this yields a valence-only TAE, without spinrbit
Derivation of AHY[B()] correction, of 469.71 kcal/mol.
AH?[BF4(9)], ref 6 —271.2+0.2 The contribution of inner-shell correlation to the TAE of BF
AHFIF(9)], ref 1 +18.47+0.07 is found to be 1.37 kcal/mol at the CCSD(T)/CVTZ level and
calcdAH?[B(g)] 136.02+04 1.72 kecal/mol at the CCSD(T)/CVQZ level. Given the polarity
exptl JANAF! 133+ 3 : :
exptl SM2 298 K 137.4+ 0.2 of the system, some mild coupling between the effects of core
AH{ 05 — AHP,, ref 1 1.219 correlation and inclusion of diffuse functions cannot be ruled
exptl SM20 K 136.2+ 0.2 out a priori, and indeed extending the CVQZ to an ACVQZ
aFeller(TQ5)[BR]+3 x (Feller(Q56)[BF}-Feller(TQ5)[BF]). basis set adds some 0.05 kcal/mol to the core correlation energy.
b Schwartz(TQ5)[BF:]+3 x (Schwartz(Q56)[BF]-Schwartzy(TQ5) Based on experienéewe normally expect the core correlation
[BF]). € CCSD(T)/ACVQZ[BR]+3 x (aug-Schwarta(TQ5)[BF]— contribution to be near convergence with such basis sets.
CCSD(T)/ACVQZ[BF])dCOmputed from atomic sublevels for elec- Aga|n us|ng the BF diatomic as a model System permn:s us

tronic ground states given in ref 1From observed; and computed ;
X;, Gy given in ref 25. From computed CCSD(T)NQ, = 1398.0, to gauge the effects of further improvement of the core

woe = 11.55, andvey. = 0.054 cn: experimental valu@81402. %, correlat@on basis' set.. At the CCSD(T)/ACVQZ level, 'ghe core
11.8, and 0.05cm, respectively. A more recent experimental sfiidy ~ correlation contribution t®(BF) is 0.65 kcal/mol, or slightly
found: we = 1402.158 65(26),weXe = 11.821 06(15),weye = more than one-third the value in BFEnlarging the basis from
0.051 595(35) cmt. CVQZ to CV5Z leads to an increase of 0.04 kcal/mol: the effect
from ACVQZ to ACV5Z is somewhat smaller at 0.03 kcal/
basis set.) The extrapolated value agrees to two decimal placesnol. (The CV5Z and ACV5Z values differ by only 0.01 kcal/
with the directly calculated value with the largest basis set. mol.) Carrying out a SchwarZTQ5) extrapolation on the
As expected, the situation for the correlation energy is rather ACVTZ, ACVQZ, and ACV5Z numbers leads to an estimated
different. Improving the basis set from AVQZ to AV5z infinite-basis limit core correlation contribution to the Bk
increases the correlation energy by some 1.39 kcal/mol, of 0.70 kcal/mol, or 0.05 kcal/mol more than the computed
compared to 4.46 kcal/mol for AVTZ to AVQZ. The Schwariz ~ ACVQZ value.
(TQ5) extrapolation adds on another 0.84 kcal/mol; the value If we again use three times this value as a correction fgy BF
of a for BF3 is about 3.40, compared to 3.28 for F and 4.25 for we obtain a best estimate for the inner-shell correlation
B. The o found for the MP2 correlation energy of BF contribution to TAE(BFR) of 1.92 kcal/mol. We hence obtain
however, amounts to 2.88, quite close to the leading {2) 2 a TAEnr (i.€., without spir-orbit correction) of 471.65 kcal/
behavior expectéd for the MP2 energy. This suggests that mol; deducting the atomic spirorbit corrections finally yields
the basis sets may actually be approachinglthel(z) 2 regime, TAEe = 470.46 kcal/mol.
while the difference between the MP2 and CCSD(T) values of  From the computed CCSD(T)/VTZ harmonic frequencies and
a suggests the importance of higher-order contributions, which anharmonicity constants given in ref 25, we obtain ZPE.89
add“ higher powers inl(+ /). kcal/mol. If we substitute experimental fundamentals (see ref
The CCSD(T)/AV5Z calculation on Bfinvolved 508 basis 25 for details) and employ the computed anharmonicity
functions and required 60 GB of disk space and 720 MB of constants only for the small difference between the zero-point
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energy and one-half the sum of the fundamentals, ZPE decrease®ACI-9619020 and by Grant No. CHE-9700627 (P.R.T.), and
to 7.83 kcal/mol. We hence obtain the total atomization energy by a grant of computer time from SDSC. We thank V.
for BFs at 0 K, TAE, = 462.63 kcal/mol. Hazlewood and D. Thorp for assistance with the CRAY T90

In combination with the JANAFheat of formation for F(g) calculations, Asger Halkier for helpful discussions, and Prof.
of 18.474 0.07 kcal/mol and the CODAT®heat of formation Peter J. Knowles (University of Birmingham) for a prerelease

of BF5(g), —271.2+ 0.2 kcal/mol, we then obtainHf(B(g))
= 136.0+ 0.3 kcal/mol, in which the uncertainty only reflects

version of MOLPRO 97.
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