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Boron Heat of Formation Revisited: Relativistic Effects on the BR Atomization Energy
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The one-electron DouglaxKroll approach, and perturbation theory including only the masdocity and
Darwin terms, are used to compute the scalar relativistic contribution to the atomization energies of BF
Both approaches predict an approximately 0.7 kcal/mol reduction in the atomization energy. In combination
with improved one-particle extrapolation techniques, this leads to a revised estimate for the heat of formation
of gaseous boromy\H{[B(g)] = 135.1 kcal/mol and\Hy g B(g)] = 136.3 kcal/mol, with error bars0.75
kcal/mol or less.

1. Introduction recent experiments, which used a third-law approach. In fact,

Essentially there are two recommended values for the heat"€ Suggested that the Storms and Mueller value was probably
of formation of boron gas at 298 KAH?,dB(g)]) in the about 1 kcal/mol too large. With this in mind, we have

reference literature: the older value of 13383 kcal/mol reconsidered the BFatomization energy. While it would be
adopted by JANAE and in the 1978 CODATAreport, and hard to perform better calculations for the treatment of electron
the more recent value of 135D 1.2 kcal/mol from Gurvich correlation than those of MT, there are some aspects of the

and the 1988 CODATA repoftThe Gurvick recommendation calculations that can be improved; first, the recent work of
is based on a review of the five most recent measurements,Martin and de Oliveir offers new insight into the best
namely 134.6+ 0.7 kcal/mol (Robson and Gille8)135.3+ approach for extrapolating the computed results to the complete
0.7 kcal/mol (Hildenbrand and HE)| 134.1+ 0.6 kcal/mol basis set (CBS) limit and second, MT neglected scalar relativistic
(Mar and Bedford), 137.4 + 0.2 kcal/mol (Storms and effects.
Mueller), and 135.2+ 0.9 kcal/mol (Nordine et &). Since We should note that MT did not estimate the importance of
the (AH?,odB(0)]) is used whenever one attempts to directly imperfections in the CCSD(T) electron correlation method, but
compute the heat of formation of any boron compound from these are hard to quantify since more elaborate calculations (e.g.,
the computed (ab initio, density functional, or semiempirical) CCSDT or full configuration interaction) are at present not
total atomization energy (TAE) of the molecule, there is feasible for a 24-valence electron system in an adequately sized
considerable interest in determining this quantity as accurately basis set. However, in light of the fact that electron correlation
as possible. in BF3 is dominated by dynamical correlation effects, we may
Martin and TayloF recently computed the atomization energy ~ expect CCSD(T) to be close to an exact solution to the electron
of BF3 using a high-level computational approach, namely the correlation problem® Thus we also assume that the use of the
coupled cluster singles and doubles approach, including accsD(T) approach does not introduce any significant errors,

perturbational estimate of the connected tripld€CSD(T)). and in this paper we focus on the scalar relativistic effect and
They accounted for both valence and core correlation effects on jmproved estimates of the CBS limit.

as well as for spirrorbit effects. They estimated that their value
of 462.6 kcal/mol had an error bar of ory0.3 kcal/mol. Using
this atomization energy and the well-establishégtats of
formation of B and F, they determiné®? (AH?,,dB(9)]) =
136.4 + 0.4 kcal/mol, which they noted was in very good
agreement with the Storms and Muellealue of 136.24- 0.2
kcal/mol.

Hildenbrand® was surprised by this result, because he felt
that the experiment of Storms and Mueller, which used a second-
law approach, was probably less accurate than the other four

A few years ago it would have been assumed that the scalar
relativistic effects on the binding energy of Bwould be very
small. However, there is increasing evideté¢é 18 that scalar
relativistic effects must be included to obtain highly accurate
results even for the first-row systems. One open question is what
is the best approach to compute these effects, e.g. what basis
set, what level of correlation treatment, and what level to include
the relativistic effect. Currently the most popular alternatives
are the one-electron Douglakroll (DK) approach!® and
accounting for the massrelocity and Darwin (MVD) terms
T E-mail: comartin@wicc.weizmann.ac.il. using perturbation theor:?* Davidson et af? suggested that
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for first-row systems perturbation theory should work well. TABLE 1: Convergence of the Computed Scalar Relativistic
However, this was based on numerical wave functions and doesContribution (kcal/mol) to the Total Atomization Energy of
not comment on the basis set requirements for this property. In=3

this regard, we note that Blomberg and Wahlgédound that Electrons correlated
no-pair approaches, like DK, tend to have much less basis set noné  valence all
dependence than MVD. _Thus, it might be more effective to MCPENTZ MVD —1.065 —0927
compute the scalar relativistic effect using the DK than the MVD DK ~1129 -0710
approaches. In this work we consider both approaches using MCPF/VTZuc MVD —0.870 —0.665
several basis sets. DK -0.870 —0.710

Martin and de Oliveir# extensively studied the behavior of ~ MCPF/(A)VTZ MVD  —0.968 —0.824
various infinite-basis extrapolation techniques to the CBS limit. DK —0.875  —0.714
Of the different extrapolations considered, they found that, while CCSDIAVTZ DK —0875 —0.718

' ' ' CCSD(T)/(A)VTZ DK —-0.875 —0.694

the Martin three-parameter extrapolafibnsed by MT for the MCPF/(A)VTZuc MVD —0.875 —0.666
valence correlation energy yields excellent results with very DK -0.874 -0.714
large basis sets, the simple two-parameter formuta B/I3 of MCPF/(A)VTZucttight Il\D/IP\</D —g-g;g —8-35132 —g-ggi
Halkier et al?® yields results of the same quality, but is much ACPF/(AWTZucHight MVD  —0.875 —0.669 —0.688
less sensitive to reducing the sizes of the underlying basis sets. DK 0875 -0715 —-0.718
On the basis of their findings, Martin and de Oliveira proposed McpF/(A)VQZ MVD -0874 —0.666
two standard computational protocols for ab initio thermochem- DK -0.874 —0.713
istry denoted W1 and W2 theory, which yield mean absolute MCPF/(A)VQZucttight ~MVD  —0.869 —0.669
errors as low as 0.30 and 0.17 kcal/mol, respectively, for DK ~ —0874 —-0.678

molecules in which dynamical correlation effects dominate. ACPF/(A)VQZucttight - MVD  —0.875 —0.667 —0.685
Since MT found that Bfis a somewhat pathological molecule 2The SCF treatment.
for basis set extrapolations, we shall also consider the W1 and
W?2 approaches for BF the MVD results. From Table 1, we see that results with the
cc-pVTZ basis set are anything but converged. Adding diffuse
2. Methods functions affects the computed contributions by about 0.1 kcal/
The scalar relativistic effect is computed at the modified mol at both the SCF and MCPF levels; the effect of omitting
coupled-pair functiond? (MCPF) and averaged coupled-pair diffuse functions on B is insignificant. The largest effect is a
functionaf” (ACPF) levels of theory in two ways: (1) the  drop by about 0.20 kcal/mol at the SCF level, and 0.26 kcal/
Douglas-Kroll** (DK) approach is used, including only the one-  mg| at the MCPF level, upon uncontracting the basis set. Any
electron c_ontributions and (_2) accountin_g for the mass-velocity fyrther additions to the cc-pVTZ(uc) basis set affect the
and Darwin (MVD) terms using perturbation thedfy: In order computed result most insignificantly, including the addition of
to verify the adequateness of the MCPF and ACPF methods yig,se functions. We therefore may assume that the 0.1 kcal/
for this purpose, we also carried out CCSD and CCSD(T) ) effect they have on theontractecbasis set results is simply

Douglas—KroII calculations with one of Fhe basis sets. an artifact of overcontracting the primitive basis set for this
A variety of the latter are used, including standard (ca:gV property

or VnZ for short,n = T,Q)*® and augmented (aug-cc-p¥ or ) o
AVNZ for shortf® correlation-consistent polarized valence [N order to verify the suitability of the MCPF and ACPF
n-triple zeta basis sets, uncontracted versions of the abovemethod_s for the correlation e_ffects in the scalar relativistic
(denoted by the suffix “uc”), and versions augmented with 2d1f corrections, we have also carried out a Dougleisoll CCSD-
core correlation functions (denoteg-tight") with exponents ~ (T)/(A)VTZ calculation. The resulting scalar relativistic con-
in geometric series with factor 2.5. One of these basis sets, cc-tribution is marginally smaller in absolute value (0.020 kcal/
pVTZuctHtight is essentially equivalent to the “MTsmall” core  mol) than the corresponding MCPF result. Most of the difference
correlation basis set used in W1 and W2 theory for the inner- is due to the inclusion of connected triple excitations, since the
shell correlation and scalar relativistic contributions. The DK CCSD/(A)VTZ result is only 0.004 kcal/mol higher than
combination of a cc-pWZ basis set on B with the corresponding its MCPF counterpart.

aug-cc-p\nZ basis set on F is indicated by the notation (A)-  Using the largest basis set considered hevaich consists
VnZ. In the DK calculations, the same exponents are used andof uncontracted cc-pVQZ and aug-cc-pVQZ basis sets on B
the basis sets are contracted to the same size, but the contractiognq F, respectively, augmented with (2d1f) inner-shell correla-
coefficients are taken from DK atomic calculations. tion functions-we obtain scalar relativistic contributions of
The BF; geometry is taken from experimefitOnly the —0.87 kcal/mol at the SCF levet;0.67 kcal/mol using valence
valence electrons are correlated unless otherwise noted. Theq rejation, and-0.69 kcal/mol with all electrons correlated.
MCPF and some of the ACPF calculations are performed using 1 reqyction with electron correlation is what is found in most

. 1 i i
mggggf \ivgggﬁﬁéfnui ggé?;?r\?vlrsittz;e S;ﬂg%;e\?ogf'g? & cases. We also note that the ACPF(all)/MTsmall treatment used
the ACPF/MVD calculations are carried out using MOLPRO. n Wlland W2 theory yields the same result as the most
extensive calculation to two decimal places.

The protocols for the W1 and W2 methods are described in ; )
detail in ref 14. The valence correlation CCSD(T) energies 1he basis set convergence behavior for the Dougfasll
computed in ref 10 could be reutilized for this purpose; the results is quite different from the MVD results. First of all, we

remaining calculations were carried out using MOLPRO. note that the MCPF and ACPF treatments y|e|d essentia"y the
) ) same result to two decimal places. Uncontracting the basis set
3. Results and Discussion has essentially no effect on the results (in stark contrast to

A. Scalar Relativistic Contribution. The results are sum-  MVD), and increasing the basis set from cc-pVTZ to cc-pvVQZ
marized in Table 1. We first consider basis set convergence for makes only a very small reduction in the value. Thus, it appears
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TABLE 2: Summary of the Extrapolation of BF
Atomization Energy (kcal/mol)
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TABLE 3: Summary of the BF3; Atomization Energy and
Heat of Formation (kcal/mol)

SCF ccsD (M SCF CcCcsD (M
AVDZ 132.43 29.33 2.61 AVDZ 354.32 70.51 4.87
AVTZ 142.30 31.99 3.64 AVTZ 373.59 78.90 7.43
AVQZ 143.03 33.79 3.85 AVQZ 374.61 83.90 7.93
AV5Z 143.08 34.27 3.92 AV5Z 374.59 85.09 8.10
AV6Z 143.09 34.49 3.95 A+ B/(l + 1/2)° Three-Point Extrapolatich
A+ B/(l + 1/2)° Three-Point Extrapolatich DTQ 107.53 8.18
DTQ 54.27 3.94 TQ5 85.73 8.25
TQS 34.56 3.99 : :
A+ B/I® Two-Point Extrapolatiof?
Q56 34.81 3.97 To i) 8.30
A + B/I*Two-Point Extrapolatiof? Q5 86.34 8.28
gg g‘z #g igg Components of W1 and W2 Theory
6 34.79 308 w1 374.66 87.17 8.38
Components of W1 and W2 theory w2 1%;%59 T?I.E?:l a8'30
w; ijg-gg gj?; ‘3‘-83 W1 theory 47017 462.28 461.62
) ) : W2 theory 469.17 461.29 461.33
that the basis set requirements for the DK approach follow those best estimate Aﬁeog[gﬁ(g)'r gg%'zli{thz'g?)]
for an accurate nonrelativistic treatment of the electron correla- w1 theory 136°03 13555
tion. a 135.37 136.59
Despite any variation of results with basis set, it is encourag- \6’1\’2 theory 11335560; 113366'3206
ing that the two approaches agree quite well for the largest basis  ast estimate 1354 0.75 136.3+ 0.75

set considered, converging to a value of abeQt67 kcal/mol.
We should note that our best value at the SCF leve).86
kcal/mol) is very similar to the value 6f0.812 kcal/mol found
by Pople and co-workef€ The inclusion of electron correlation
is expected to bring the value of Pople and co-workers into
better agreement with our best value.

B. Infinite-Basis Extrapolation. The largest basis sets that
MT were able to use for Bfwere of aug-cc-pV5Z quality. They
were able to calculat®BF] at the CCSD(T)/aug-cc-pV6Z

level, and considered 3 times the difference between aug-cc-

pV{T,Q,5Z and aug-cc-pYQ,5,6Z A + B/(l + 1/2° ex-
trapolations as a further correction to their computed TAE]BF

In light of recent benchmark calculations, we have reconsidered
the extrapolation, using both tihe+ B/(l + 1/2)° andA + B/I®
approaches; these results are summarized in Tables 2 and 3.

For the (T) contribution in BF, both extrapolations yield

aCorrected using 3< (DJBF,56]-D¢[BF,level]) (see text)? Core
correlation +1.812 kcal/mol at CCSD(T)/MTsmall level; effect of
atomic spir-orbit splitting —1.184 kcal/mol as in ref 10; scalar
relativistic contribution at ACPF(all)/MTsmall level taken from Table
1. ¢ Auxiliary thermodynamic data were taken from ref &HP,qq
[BF4(g)] = —271.5+ 0.2 kcal/mol,Hags — Ho[BF3(g)] = 2.784 +
0.005 kcal/molHzes — Ho[B(g)] = 1.5096+ 0.0005 kcal/molHzes —
Ho [B(cr,rhombic)] = 0.292+ 0.002 kcal/mol,AH?,odF(g)] = 18.97
=+ 0.07 kcal/mol;Hzes — Ho[F(g)] = 1.5578+ 0.0003 kcal/molHzes
— Ho[F2(g)] = 2.1092+ 0.0003 kcal/mol.

these two values are similar, the greater consistency foAthe
+ BJ/I® extrapolation leads us to pick this as the more reliable
one.

Our best atomization energy of 461.39 kcal/mol is determined
by adding the following contributions: the AV5Z SCF (374.59),
the A+ B/IF AV{Q,5Z CCSD (86.34) and (T) (8.28), the Pak

essentially the same result, even when the largest basis sef"d Wood3' zero-point energy{7.887) used by MT, MT's

involved is only AVQZ. For the CCSD valence correlation, the
two extrapolations yield fundamentally the same result, if basis
sets up to AV6Z quality are used. However, white+ B/I3
yields the same limit to within 0.03 kcal/mol from A\Q,5 Z
basis sets and to within 0.3 kcal/mol using fiVQ}Z basis
sets, a difference 0f-0.24 kcal/mol is seen foA + B/(l +
1/2)° from AV{T,Q,5Z, while the AV{D,T,Q}Z result is
essentially nonsensical. It is therefore clear thatahe B/I®
scheme is the more well behaved of the two extrapolation
methods.

Likewise, we see for B that the two formulas are in
agreement for the (T) contribution, while they differ quite
substantially for the CCSD contribution. The + B/I® AV-
{Q,5 Z extrapolated limit is about 0.6 kcal/mol higher than its
A+ B/(I + 1/2)° counterpart. For BF, the difference between
the CCSD correlation contribution to the atomization energy
using theA + B/I° AV{Q,5 Z and AV{ 5,6} Z extrapolations is
0.02 kcal/mol, while theA + B/(l + 1/2)° result increases by
0.25 kcal/mol between AYT,Q,5Z and AV{Q,5,8Z. If we
apply the “3 times BF” correction to the CCSD contribution,
we obtain 86.40 kcal/mol for the correctdd+ B/I° value and
86.48 kcal/mol for the correctedl+ B/(I + 1/2)° result. While

inner-shell correlation effect (1.922), the scalar relativistic effect
discussed above—0.67), and the spinorbit contribution
(—1.184 kcal/mol).

In order to help establish an uncertainty for this quantity, we
also apply the W2 procedure, which is closely related to the
methods discussed above. This approach has recently been
applied* to 28 systems where the atomization energy is
accurately known. Applied to Bft yields 461.29 kcal/mol, in
excellent agreement with our best estimate. The mean absolute
error of W2 theory over its reference molecules is 0.23 kcal/
mol. Since systems with very polar strong bonds are underrep-
resented in the W2 reference set, we multiply the mean absolute
error by 3, to account for the three strong bonds in.BFhis
yields a quite conservative error estimate of 0.69 kcal/mol for
TAE[BF3]; considering the experimental uncertainties on
AH{F(g)] and AH{BF4(9)], this finally leads to an estimated
uncertainty of+0.75 kcal/mol on our predictedH{B(g)].

Feller and Peterséfirecently reported an atomization energy,
not including zero-point energy, of 467.1 kcal/mol for 8F
which is 2.2 kcal/mol smaller than our best value. We suspect
that their method of extrapolation and calculation of the scalar
relativistic effects are less accurate than ours, leading to a value
that is too small. Finally, we note that the computationally less
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demanding W1 approach yields an atomization energy of 462.28 Thermodynamic properties of indilual substances, Vol.;CRC Press:

inh ic i ; i Boca Raton, FL, 1994.
kcal/mol, which is in good agreement W|th_ our best estimate. (4) Cox. J. D Wagman, D. D.: Medvedev, V. BODATA keyalues
C. Heat of Formation. Our best atomization energy is for thermodynamicsHemisphere: New York, 1989.

consistent with aAH;jO[B(g)] = 135.1+ 0.75 kcal/mol. This (5) Robson, H. E.; Gilles, P. WI. Phys. Chem1964 68, 983.
should be compared with the MT value of 136:820.3 kcal/ (6) Hildenbrand, D. L.; Hall, W. FJ. Phys. Cheml994 68, 989.

mol (after correcting? for a misprint inHzgs — Ho in ref 35), g; glt?)rr'mRs', \é/ 532{%&;}: Srlj;ghgr?g]n?i9s707,|18917,%fé.365'

or 135.7+ 0.5 kcal/mol in ref 16. Upon applying the precise (9) Nordine, P. C.; Weber, J. K. R.; Krishnan, S.; Schiffman, R. A.
Ha9s—Ho functions of B(g) and B(cr) from the CODATA tablés, High Temp. Sci1991, 30, 163.

we obtain fma”yAHFzgg[B(g)] = 136.3=+ 0.75 kcal/mol. This (10) Martin, J. M. L.; Taylor, P. RJ. Phys. Chem. A998 102 2995.

. 297 11) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
value is near the upper limit of the JANAF133.8+ 3 kcal/ Ch(em)_ phygs_ Lettl989 157, 479. P

mol) and GurvicR (135.04 1.2 kcal/mol) recommendations. (12) It should be noted that the heat content functions in ref 10 were
In addition, our value suggests that the Storms and Mdeller actually indirectly taken from CODATA through ref 35. Since the latter

P reference contains a misprint, thed?, values of Bi(g) and B(g) in ref 10
value of 137.4+ 0.2 kcal/mol is indeed about 1 kcal/mol t00  ¢5uid be revised upwards by 0.4 kcal/mol.

large as suggested by Hildenbradd\Ve note in passing that (13) Hildenbrand, D. F., personal communication.
our calculation fortuitously agrees perfectly with an older  (14) Martin, J. M. L.; de Oliveira, GJ. Chem. Phys1999 111, 1843.

(15) Lee, T. J.; Scuseria, G. E. IQuantum mechanical electronic
measurement by Paule and Margrédv&36.4+ 0.2 kcal/mol. structure calculations with chemical accuracianghoff, S. R., Ed,;

. Kluwer: Dordrecht, The Netherlands, 1995.
4. Conclusions (16) Martin, J. M. L. InEnergetics of stable molecules and reaeti
L L intermediatesNATO ASI Symposium Volume; Minas da Piedade, M. E.,
Scalar relativistic effects reduce the atomization energy of gq.: Kluwer: Dordrecht, in press.
BFz by about 0.7 kcal/mol. In combination with improved (17) Kedziora, G. S.; Pople, J. A.; Rassolov, V. A.; Ratner, M. A,;

infinite-basis extrapolations, we determine a best atomization Redfern. P. C.; Curtiss, L. Al. Chem. Phys1999 110 7123.
f BE of 461.39 kcal/mol. Our estimated errori®.75 (18) Feller, D.; Peterson, K. Al. Chem. Phys1999 110, 8384.
energy o . . 9. (19) Douglas, M.; Kroll, N. MAnn. Phys. (NY).974 82, 89. Samzow,

kcal/mol or less. Using this atomization energy and the well- R.; Hess, B. A; Jansen, G. Chem. Physl992 96, 1227 and references
established heats of formation of boron trifluoride and fluorine therein.

- . . - (20) Cowan, R. D.; Griffin, M.J. Opt. Soc. Am1976 66, 1010.
atom, we obtain a revised heat of sublimation of boron, (21) Martin, R. L.J. Phys. Chem1983 87, 750.

AHf[B(g)] = 135.1 kcal/mol oAH?,4d BF4(g)] = 136.3 keal/ (22) Davidson, E. R.; Ishikowa, Y.; Malli, G. IChem. Phys. LetL.981,

mol, which is near the upper limit of the recommendations by 84, 226.
JANAF and by Gurvich (23) Blomberg, M. R. A.; Wahlgren, UChem. Phys. Lettl988 145
' 393

. . (24) Martin, J. M. L.Chem. Phys. Lettl996 259, 669.
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