6138 J. Phys. Chem. A998,102,6138-6151

Pitfalls for the Frozen-Core Approximation: Gaussian-2 Calculations on the Sodium Cation
Affinities of Diatomic Fluorides

Simon Petrief

Research School of Chemistry, Australian National dgmsity, Canberra, ACT 0200, Australia; and School of
Chemistry, Uniersity College, Uniersity of New South Wales, ADFA, Canberra, ACT 2600, Australia

Receied: Nawember 18, 1997; In Final Form: April 20, 1998

The Gaussian-2 (G2) total energies for species having the formula Na{Kx5 H, Li — F, or Na— ClI],
calculated using conventional and widely used ab initio computational program suites, show serious deficiencies
which are attributable to two different effects. Firstly, for the sodium-ion adducts of almost all of the covalent
fluorides—namely HF, BF, CF, NF, OF,4SF, and CIF-the orbital corresponding most closely to the fluorine

2s orbital possesses a more negative eigenvalue than the set of three orbitals corresponding most closely to
the sodium 2p 2p,, and 2p orbitals, so that routine selection of the “frozen-core” option (in the single-point
calculations involved in determining the G2 total energy) leads to an inappropriate correlation space. Secondly,
for the sodium-ion adducts of several fluoriderost notably, but not solely, the ionic fluorides LiF, NaF,

MgF, and AlF—there is very significant mixing of the fluorine 2s and sodium @gbitals, with the result that

the G2 frozen-core calculations yield an incorrect correlation energy. This latter problem cannot be properly
compensated for in standard G2 theory. The magnitude of either effect can be quite large, with the result
that “blind” implementation of G2 theory produces apparent G2 SCA values ranging-fidifi to—200 kJ

mol~! for most of the covalent fluorides. Here we investigate this phenomenon and assess three different
strategies for obtaining corrected G2-like results: namely, inclusion of all Na 2s and 2p orbitals among those
correlated (the G2(thaw) technique); exclusion of all Na 2p and F 2s orbitals from the correlation space (the
G2(F-2s) approach); and correlation of F 2s, but not Na2p, or 2p, in a noncontiguous correlation space
(which we term G2(NCCS)). Of the three possible approaches, the G2(thaw) procedure appears the most
intrinsically reliable, but is nevertheless significantly more computationally intensive than standard G2. To
this end, we assess also several methods that seek to emulate G2(thaw) at reduced cost: the best such “budget”
method, G2(MP2(thaw/MP2)), is the least demanding of CPU time and is generally less computationally

expensive than G2 itself.

I. Introduction While G2 theory performs very well overall for most
molecules, radicals, and ions composed of first- and second-
row atoms, certain classes of species are not particularly well
treated by G2 theory: these include triplet stdtgs]yfluori-
nated specie¥, and molecular dication. We have recently
reportedt? that G2 also appears to underestimate the sodium
cation affinity (SCA) of HF by a staggering 186 kJ mblWhile

G2 does not perform particularly well for sodium cation affinity
values in general, due to its underestimation of the ionization

In recent years, several sophisticated “model” quantum
chemical methods have been developed with the aim of yielding
benchmark-quality ab initio results for molecular geometries
and energies, at comparatively minor computational expense.
Probably the most widely used such “models” are those based
around the Gaussian-2 (G2) procedtcd which many variants
have now been devisé&d depending upon the user’s require-
ments in terms of expected accuracy, computing facilities, etc.
The G2 technique ispdesigned to egwulate,pat agfraction of the €Nergy of Na by Ol'llg.e\]./’the reported G2 value of SCA(HF)
cost in CPU time, a single-point total energy calculation at the __ —119.1kJ moT. Cisn much stronger disagreement with
QCISD(T)(fc)/6-311G(3df,2p)/IMP2(full)/6-31G* level of the expected (positive) value tli;an_ are the calculated G2 SCAs
theory. This is done by a combination of several less expensive ©f NHa, H20, PH, HoS and HCE? Finally, Duke and Radotf
single-point calculations using a variety of basis sets: the resultsN@ve also |dent|f|e_d a numl:_)e_r of problem cases in the G2
of these single-point calculations are then combined and adjusted"€atment of species containing the third-row, main-group
empirically with an additional “higher level correction” which ~ €lements GaKr: for example, G2 systematically underesti-
depends upon the number of paired and unpaired valenceMates the ionization energies of the sequence Ga, Qe, As, Se,
electrons. Results obtained with G2 theory are generally im- Bf and Kr. The performance of G2 theory for third-row-
pressive: a recent stutyhas found that the average absolute conFalnlng species is generally enhar)ced if the filled 3d or_bltals
deviation of G2 from experiment is 6.61 kJ méfor a set of are included among those correlated in the “frozen-core” single-

148 well-characterized experimental enthalpies of formation for POInt calculations, and in some instances correlation of these
small molecules and radicals. 3d orbitals is essential if the calculated thermochemical proper-

ties of these species are to be even qualitatively correct. In the

t Present address: Research School of Chemistry, Australian National light Of this recent study on correlation in third-row com-
University. pounds, we can comprehend the importance of an appropriate
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definition (and not necessarily the G2 definition) of the TABLE 1. Correction Factors, Ay (M = Li, Be, Na, Mg,
correlation space for species such as NaFid which some  Al), for Calibration of “Thawed” G2 (or G2(MP2)) Values
“valence” orbitals are found to be lower in potential energy than © the Standard G2 (or G2(MP2)) Energy Scale

some “core” orbitals. The present work explores this phenom- Aw/mHartree

enon and assesses methods by which accurate G2-like total G2(thaw) G2(MP2(thaw)) G2(thaw/MP®)

energies can be obtained for species in which the distinction Li 1560 15.61 13.26

between core and valence orbitals is questionable. Be 16.48 16.48 15.21
Na 139.46 138.87 137.53

Il. Theoretical Methods Mg 129.45 129.11 128.44

>

. . . . 140.22 140.03 139.64
The total energy of a species is obtained using the G2

procedure according to the following sequence of calculations: IaTIhet_ values in this column apply also to G2(MP2(thaw/MP2))
Calculations.

— _ *K
Eo(G2) = E(MP4/6-311G™) + Mg, and Al. There is also a calibration constafaf;, required

E{(MP4/6-311G(2df,p)}- 2E(MP4/6-311G**)+ for each Li, Be, Na, Mg, or Al atom included in the molecule
EL(QCISD(T)/6-311G**)+ E(MP2/6-31HG(3df,2p)+ of interest: this quantity is designed to normalize G2(thaw)
E(MP2/6-311G**) — E(MP2/6-311G**) — values so that they may be directly compared with, or used in

conjunction with, standard G2 values. The valuégffor each
E(MP2/6-311G(2df,p}+ HLC + ZPE (1) element is different and is defined &g[G2] — Ej[G2(raw)]

. . ) ) for the gas-phase atoM. Values ofAy for G2(thaw) and for
where the single-point total energy calculations are all imple- o |ated methods (see below) are listed in Table 1. Please note
mented (using the frozen-core assumption) on molecular ¢ the higher level correction, HLC, for this method is identical
geometries obtained at the MP2(full)/6-31G* level and where 4 14t employed in G2 theory and is calculated from the number
the higher level correction, HLC, and the corrected ZPE are as ¢ yglence electrons rather than the number of electrons

described previously. , occupying correlated orbitals.

This study is concerned with the performance of several ;) Go(thaw/MP2). This technique involves adjustment of
variants of standard G2 theory, and it is important to distinguish e G2 total energy via an additional calculation at the MP2/
clearly between all of these variants, which are enumerated 6-311+G(3df,2p) level of theory, in which the same extra

below. _ _ orbitals as in G2(thaw) (namely 1s for Li and Be, and 2s, 2p
(i) G2(COL). We use this term to denote values obtained 2p,, and 2p for Na, Mg, and Al) are correlated. The total

using eq 1, in which the simplifying assumption has been made energy for this technique is defined as

that all the (frozen) core orbitals are lower in energy than any

of the (correlated) valence orbitals. This assumption, which is E,[G2(thaw/MP2)]= E/[G2] +

not necessarily correct (as we shall discuss), is equivalent to ) .
selecting the FC option in a calculation performed using the E[MP2(raw)/6-311+G(3df,2p)]
GAUSSIAN94 programming suit¥, for example. G2(COL) E[MP2(fc)/6-31H-G(3df,.2p)]+ Z(Ay) (4)

therefore amounts to the default implementation of G2 theory
using most computational programming packages and, to the
best of our knowledge, almost always yields true G2 values for
molecules, radicals, and ions. Nevertheless, the G2(COL) tota ;
energies for species of the form NaFXre often inappropriate. ~ manner as for G2(thaw). See Table 1 for valueagffor this

(i) G2(NCCS). This denotes a calculation performed using Method: , _ .
the G2 method (i.e., eq 1) in which each of the MP2, MP4, and (V). G2(MP2(thaw)). This technique bears the same relation
QCISD(T) single-point total energy calculations is executed with to the G2(MP2) procedu‘f'e_as does G2(thaw) to G2. The G2-
a noncontiguous correlation space, to allow for the situation (MP2(thaw)) total energy is, therefore,
that one or more valence orbitals [in the present work, F 2s or - _ ) -~
Ne 2s] possess more negative eigenvalues than some of the corg0 = EIQCISD(T)(raw)/6-311G™"]+
orbitals [in this case, Na 2p2p,, and 2p]. E[MP2(raw)/6-311G(3df,2p)] —

(iiiy G2(thaw). In this method, the correlation space is E[MP2(raw)/6-311G**]+ HLC + ZPE+ 2(A,) (5)
expanded to include all of the core orbitals that possess
eigenvalues close to, or above, those of the lowest lying valencewhere the “raw” notation indicates that the additional orbitals
orbitals. In a previous work? we have defined the G2(thaw: (1s for Li and Be, and 2s, 2p2p,, and 2p for Na, Mg, and
Na-) method as Al) are included among those correlated. For convenience, we

assume that the higher level correction (HLC) takes the same
E[G2(thaw: Nan)] = Ej[G2(raw: Nan)] + mAy,q (2) value as in standard G2(MP2) theory: appropriate values of
the parameteAy, which is the calibration constant necessary

and this definition is essentially retained in the expression for to reproduce the G2(MP2) total energy for the indicated metal
the more general G2(thaw) method: atom, are in Table 1.

(vi) G2(MP2(thaw/MP2)). This method bears the same
relation to G2(MP2) as does G2(thaw/MP2) to G2. The total
energy is defined as

where the MP2(raw) calculation is performed with correlation
of the additional orbitals noted above and where the calibration
|constantsAM for metallic elements are defined in the same

E[G2(thaw)] = E[G2(raw)] + Z(A,,) ©)

The two parameters in eq 3 require clarification. The value
Eo[G2(raw)] is a raw total energy that is obtained in accordance E,[G2(MP2(thaw/MP2))l= E[G2(MP2)] +
with expression (1) but that (in contrast to G2) includes in the EIMP2 16-311-G(3df 20)]—

correlation space, for all single-point calculations, the following [ (raw)/6- (3df,2p)]

orbitals: 1s for Li and Be, and 2s, 2@p,, and 2p for Na, E[MP2(fc)/6-31H-G(3df,2p)]+ Z(A,) (6)
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where the MP2(raw) calculation is the same as defined above TABLE 2: Optimized Geometries for NaFX* Stationary
for the G2(thaw/MP2) procedure. The values of the respective Points, Obtained at the MP2(full)/6-31G* Level of Theory

calibration constantdy are also identical to those used in G2- r(Na—F) r(F=X) r(X—Na) O(NaFxy
(thaw/MP2). species A A) A (deg)
(vii) G2(F-2s). In this method, the correlation space is  2naF+ 2.620
defined to exclude the 2s orbitals of any fluorine atoms in the NaFH* 2.138 0.945
molecule of interest, with the total energy given as NaFLi* 2.025 1.647
2NaFBe 2.148 1.430
NaBF* 1.253 2.681
ElG2(F-2s)]= Eg[G2(raw)] + NAg g ) T-Na(BF)" 2.712 1.290 2.982 88.95
NaFB* 2.305 1.325
HereEq[G2(raw)] denotes a total energy, obtained in accordance i“ggg 2292 11'2353‘2 2.527
with expression 1, for which all single-point calculations exclude s nFr ’ 1.292 2507
the fluorine 2s qrbital(s) from among those correlamds.the 3NaFN* 2249 1.374
number of fluorine atoms within the molecule; angs) is a 2NaOF* 1.321 2.471
calibration constant, defined &[G2] — Eq[G2(raw)] for gas- zNa(FO)* bent ~ 2.341 1.368 3.387 130.02
phase atomic F, having the valu@3.33 mHartrees. A related NNaFFFg %-ggg 1-2‘133
procedure, G2(Ne-2s), has been used for one calculation in the a " ) :
. . . . T-Na(R) 2.480 1.436 2.480 73.17
present _study and is deflr_1ed in an er_mrely analogous manner, naENa 1.993 1.993
substituting the Ne 2s orbital for F 2s in the above formula and  2NaFMg" 2.059 1.834
requiring a calibration factoAnesy= —76.12 mHartrees. As NaFAI* 2.099 1.757
with G2(thaw), the higher level correction, HLC, used here is iNaS'F,* 1.598 3.042
identical to the G2 value, despite the smaller number of 3NaFSF 2.132 1.711
lated orbital NaPF 1.589 3.073
corre ate. . orbitals. ) 3NaFP" 2141 1.697
In addition to the methods described above, we have also 2Na(FSY bent 2.180 1.681 3.750 152.27
performed standard G2(ZR#MP2)’ calculations when qualita- 2NaFs 2.162 1.681
tive differences in the HF/6-31G* and MP2(full)/6-31G*  Na(FCI)" bent 2.231 1.684 3.643 136.62
NaFCIt 2.188 1.680

potential energy surfaces necessitated such an approach.

The geometry optimizations, frequency calculations, and all 2 All species for which a bond angle is not shown are linear.
single-point calculations involving a continuous correlation
space were obtained using the GAUSSIANOAnd GAU-
SSIAN94“4 programming packages. For G2(NCCS) calcula-
tions, in which a noncontiguous correlation space was required
the ACES Il packagé was employed.

frozen-core single-point calculations using virtually any of the
existing widely used ab initio programming packages. The COL
assumption is problematic when we compare Na (in which the
'2s and 2p are, formally, core orbitals) with F or Ne (for which
2s and 2p are the valence orbitals): as shown in Table 5, the
eigenvalues for the three Na 2p orbitals are above the 2s orbitals
of both F and Ne. We might, therefore, expect that application
A. G2(COL) Calculations on lons Containing Na and F. of the COL assumption in G2 calculations on NaF would yield
We have located stationary points for the species Natere an incorrect total energy, since comparison of the orbital
Xincludes all first- and second-row elements except the noble eigenvalues for isolated Na and F suggests the COL assumption
gases, at the HF/6-31G* and MP2(full)/6-31G* levels of theory. is invalid for this combination. In fact, NaF is a largely ionic
Optimized geometries at the MP2(full)/6-31G* level are reported compound: it is thus more meaningful to compare orbital
in Table 2. These geometries define the structures for which eigenvalues of Naand F as a predictor of potential problems
total energies have been determined in the present work. for this compound. The values in Table 5 show that the orbital
The G2(COL) results for cations containing both sodium and eigenvalues of Na are sufficiently reduced on ionization, while
fluorine are indicated in Table 3. A large majority of the sodium those of F are sufficiently increased on electron attachment, to
cation affinity values listed here are negative, with the most imply that the COL assumption for the combination'iRa is
extreme examples approachir@00 kJ motl'!. The calculation valid; the G2 total energy for NaF yields an enthalpy of
of negative SCA values is symptomatic of some computational formation satisfactorily close to that determined experimentally.
problem, since the electrostatic factors associated with the By extension, we expect that the COL assumption should also
interaction of Na and a polar or polarizable neutral X indicate be correct for other more-or-less purely ionic Na- and F-
that the species X should invariably possepssitive (if perhaps containing compounds, but will not necessarily be correct for
only small) sodium cation affinity. The calculated SCA values compounds in which Na is combined with covalently bonded
for fluorides may be compared with G2 values for the SCAs of fluorine-containing moieties. This hypothesis is supported by
non-fluorine-containing speciéswhich are routinely positive.  the problems evident in the G2(COL) SCA values reported in
Furthermore if the G2(COL) sodium cation affinity values are Table 3.
contrasted with the MP2(full)/6-3IG* values for the same We can, of course, test this notion more directly. In Table 6
parameters, as listed in Table 4, it can be seen that the MP2/we provide some illustrative examples of molecular orbital
6-31G* values are almost always positive and almost invariably parameters, in the vicinity of the core/valence boundary, for
exceed the apparent G2 SCAs, often by as much as 200 kJFX and NaFX species. Several points can be noted in
mol~. connection with these orbital parameters. Firstly, for each of
The problem with the apparent G2 SCA values for fluorides the F-containing neutrals (HF, BF, AlF, SiF, and FCI) included
can be traced to an assumption that all valence molecular orbitalshere, the eigenvalue for the molecular orbital most closely
have relative energies above all core orbitals: we shall related to F 2s is quite close to that seen in the isolated F atom,
henceforth refer to this concept as the COL (core orbitals lowest) even though a species such as AlF is expected to possess a
assumption. The COL assumption is implicit when performing substantial quantity of ionic character; as noted above, this

Ill. Results and Discussion
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TABLE 3: G2 Total Energies, Enthalpies of Formation, and lon—Ligand Binding Energies for NaFX* Stationary Points

specied ZPE’ (mHartrees) n(i)° Eo(G2)! (Hartrees) AH% ¢¢ (kJ molt) Do(Na"—X)f (kJ mot?)
BF 2.99 0 —124.523 02 —121.5
SBF 2.80 0 —124.386 02 237.7
20F 2.39 0 —174.696 27 110.4
2NaF" 0.04 0 —261.257 88 765.6 —103.0
NaFH" 9.92 0 —261.968 938 427.9 —119.®
NaFLi* 3.13 0 —269.021 00 54.6 190.3 (324"4)
°NaFBe 3.33 0 —276.104 00 498.0 —67.3
NaBF" 4.52 0 —286.140 64 586.1 —122.5
T-Na(BF)" 3.17 1 —286.117 06 648.¢ — 184.4
NaFB* 3.16 0 —286.123 03 632.4 —168.7
°NaCF" 4.02 1 —299.229 91 983.9 —161.2
2NaFCt 2.98 0 —299.222 47 1003.5 —180.7
SNaNF" 3.38 0 —315.863 88 1005.3 —190.2
SNaFN" 2.83 o —315.869 93 989.4 —174.3
2NaOF" 2.84 1 —336.287 23 888.1 —192.5
2Na(FO)" bent 2.80 0 —336.289 18 883.0 —187.4
2NaFO" 2.65 2 —336.288 98 883.5 —187.9
NaFF" 2.77 2 —360.912 57 785.5 —198.7
T-Na(R)* 2.79 0 —360.920 17 765.6 —178.8
NaFNa 2.26 0 —423.41575 54.8 235.9
2NaFMg" 2.42 0 —461.162 15 231.7 137.8 (35812)
NaFAI* 2.32 0 —503.493 39 295.8 20.6 (31197)
2NaSiF" 2.42 1 —550.455 04 518.7 9.8
2NaFSi 2.31 0 —550.419 82 611.1 —82.6
SNaPF 2.14 2 —602.281 77 541.2 -3.0
SNaFP~ 2.32 0 —602.241 05 648.1 —109.9
°Na(FS) bent 2.28 0] —659.031 75 728.% —133.%
’NaFs 2.34 0 —659.031 89 727.7 —132.8
Na(FCI)" bent 2.27 0] —721.01568 672.% —144.&
NaFCI 2.28 on —721.01573 671.9 —145.0

aUnless otherwise indicated, all species are of singlet multipli€iBero-point vibrational energy, obtained at the HF/6-31G* level of theory
(corrected by a factor of 0.8929) unless otherwise indicatdlilimber of imaginary frequencies obtained in the frequency calculation used to
determine ZPEY Calculated G2 total energy, including ZPECalculated G2 (0 K) enthalpy of formation, in kJ malf Na*/ligand bond strength,
obtained at the G2 level of theoryPreviously reported in ref 12.For dissociation to Li + NaF.' ZPE obtained for the MP2(full)/6-31G*
optimized geometry (and scaled by a factor of 0.9427)From the MP2(full)/6-31G* frequency calculatiohG2(ZPE=MP2) value.' The linear
structure corresponds to a transition state at the MP2(ful1)/6-31G* level of tiedhe linear structure corresponds to a second-order saddle
point at the MP2(full)/6-31G* level of theory.For dissociation to M§ + NaF.° For dissociation to Al + NaF.

suggests that the COL assumption is hazardous when thesef the COL assumption for such geometries of this species. It
F-containing neutrals are combined with sodium. Secondly, is also instructive to compare the MP2(full) and MP2(FC,COL)
there are indeed instances for NaFXamong these examples, potential energy curves, obtained using a 6-31G* basis, on this
where the COL assumption is clearly wrong: namely, NaFH figure: good agreement (COL assumption valid) is seen between
Na(BF)" (both isomers), and NaFCl(at the equilibrium the frozen-core and full-correlation calculations at larger Na/
geometry). Thirdly, there are also instances (NaFAaFSih) ligand separations, while the divergence at shorter separations
where the mixing between F 2s and Na 2pbitals is too great is consistent with orbital mixing and with the inversion of the
to satisfactorily identify any molecular orbital as either F 2s or F 2s and Na 2p orbitals’ relative energies. Presumably, also,
Na 2p; in such cases it is clearly inappropriate to place the the failure of the COL assumption for G2(MP2) at larger
sodium 2p orbitals within the core, since at least one of these separations than is seen for MP2/6-31G* is connected with the
orbitals is behaving as a valence orbital. Fourthly, there are more extensive basis set (effectively 6-8@(3df,2p)) employed
instances in which either the orientation (Na(F$ipr the Na/ in G2(MP2).

ligand bond length (NaFC) is crucial in assigning the In summary, we can see that the COL assumption is generally
molecular orbitals: the eigenvalues for orbitals1® change not valid for species of the formula NaFEXfrom Table 3, it is
very little between NaFSiand NaSiF (in both species, all apparent that the magnitude of the discrepancy introduced by
four of these orbitals have eigenvalues in the range78 to using the COL assumption in calculating a G2 total energy must
—1.73), yet in NaFSi it is orbital 9 that has the greatest F 2s be, in some of the examples given, at least 200 kJ-fnaBuch
character, while in NaSiFthe F 2s character resides predomi- a result is highly undesirable, and it is important to seek methods
nantly in orbital 12. Under the COL assumption, orbital 9 is for obtaining more reliable calculated values for NaFxnd
core while 12 is valence, so the COL assumption is correct for for other species for which standard G2 theory has similar
NaSiF" but not for NaFSf; thus, the apparent G2 total energy, difficulties.

given in Table 3, for NaSiF (but not NaFSt) can be assumed B. G2(NCCS) Calculations on Selected Na(FX)Species.

to be intrinsically reliable. The influence of bond length for While several strategies can be advanced to attempt to rectify
NaFCI", mentioned above, can also be seen graphically. In the problems outlined in the above section, perhaps the most
Figure 1, we compare the calculated potential energy profile obvious solution is to specify the correct correlation space for
for (linear) NaFCt as a function of bond length, for the MP2/  the G2 calculation in question, that is, for NaFXensuring that
6-31G* and G2(MP2(COL)) levels of theory. It should be clear all of the valence orbitals for F and for X are included in the
from this figure, in conjunction with the values listed in Table correlation space, with all filled orbitals corresponding to Na
6, that the problems with G2(MP2(COL)) values at-Nabond 2s or 2p placed in the frozen core. This method will produce
lengthsless than abbB A are connected with the inadequacy G2(NCCS) values for many of the NaEXpecies included in
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TABLE 4: MP2(full)/6-31G* Total Energies and lon —Ligand Binding Energies for NaFX™ Stationary Points

specied ZPPE’ (mHartrees) n@i)e Eod (Hartrees) SCA(FX)(kJ moi™) ASCA[MP2-COLJ (kJ mol?)

2NaF" 0.201 0 —261.150 58 1.9 105
NaFH" 9.487 0 —261.872 32 95.2 214
NaFLi* 3.183 0 —268.878 18 236.4 46
°NaFBe 3.373 0 —276.009 74 96.0 163
NaBF* 4.597 0 —286.033 22 87.8 210
T-Na(BF)" 3.164 1 —286.007 57 20.4 205
NaFB* 3.132 0 —286.011 78 315 200
°NaCF" 4.091 1 —299.11181 60.6 222
2NaFCf 2.701 1 —299.100 01 29.7 210
SNaNF* 3.336 0 —315.726 78 26.7 217
SNaFN" 2.678 2 —315.731 27 38.6 213
2NaOF" 3.481 1 —336.105 25 14.1 206
°Na(FO)" bent 3.785 0 —336.112 11 32.0 219
2NaFO" 3.347 2 —336.111 36 30.1 218
NaFF" 2.519 2 —360.702 62 13.8 213
T-Na(R)* 2.699 0 —360.712 69 40.2 219
NaFNa 2.284 0 —423.267 86 293.7 58
°NaFMg+ 2.437 0 —461.011 44 175.1 37
NaFAI* 2.357 0 —503.344 62 123.4 103
2NaSiF" 2.480 1 —550.249 29 13.8 4
°NaFSi 2.342 0 —550.281 08 97.2 180
SNaPF 2.208 2 —602.057 88 5.1 -2

SNaFP 2.320 0 —602.093 74 89.0 199
2Na(FS) bent 2.232 0 —658.858 92 74.7 208
NaFs 2.252 1 —658.858 84 74.5 207
Na(FCl)" bent 2.267 0 —720.824 14 67.8 212
NaFCI" 2.161 2 —720.821 34 60.4 205

aUnless otherwise indicated, all species are of singlet multipli€iBero-point vibrational energy, obtained at the MP2(full)/6-31G* level of
theory (corrected by a factor of 0.9427) ¢ Number of imaginary frequencie$Calculated MP2(full)/6-31G* total energy, including ZPESodium
cation affinity of ligand FX at the MP2(full)/6-31G* level of theor{Difference between the MP2(full)/6-31G* and G2(COL) SCA values.

TABLE 5: Calculated Parameters for Orbitals in Atomic
and lonized Na, F, and Ne

it remains a useful exercise to test the reliability of G2(NCCS)
calculations, on Na(FX), by computation. The results of such

species orbital nd. eigenvalue  ID¢  correlation status calculations, using the ACES! I program suite, are given in
Na 2 —29743  Na?2s NY— Table 7. We have not performed G2(NCCS) calculations for
3,4,5 —1.5182 Na 2p NY— any NaFX" species featuring X= Na—Cl: most such species
Na* 2 —3.0684  Naz2s NY— exhibit strong Na 2p/F 2s orbital mixing, and so G2(NCCS) is
F g 45 :i:gggg ggsp \'\‘:Y__I\l not appropriate. Similarly, we have not calculated a total energy
3 —0.8342 F2p Y- —Y for NaFLi*, for which the COL assumption holds.
F 2 —0.9924  F2s ¥-—N In those instances where the mixing of Na 2p with F 2s
3 —0.1064 F2p Y-y orbitals is not too severethat is, for most of the compounds
Ne 2 —1.9194  Ne2s ¥ —N . . . )
3.4 —0.8415 Ne 2p VRV included in Table #the use of a noncontiguous correlation

space does indeed yield a substantially improved G2 total energy
(alpha) eigenvalues, obtained from MP4(FC)/6-311G** population than does blind implementation of G2 using the COL assump-
calculations¢ Identification of the atomic orbitaF The four-character ~ tion. For example, the G2(NCCS) SCA values for HF, BF,
string listed for each orbital summarizes its treatment by, respectively, CF, NF, OF, and Fare all positive quantities, in sharp contrast
the LOllOWingdeUFGtSCQnZig)USZ F(gr ﬁs](ﬁ_ohlé)étgti);?gr(’:;%ii,e t(riicia)d to the large negative values obtained with G2(COL).
G2(thaw), and (iv - . u . .
is i((jentifi)ed as(Y)(orb(itaI is included in correlation space); N (orbital . Assessment (_)f the apprc_)prlateness (or ot_hervv_lse)_o_f segment-
is excluded from correlation); and (indicated method is identical to  INg the correlation space in these calculations is difficult. Of
G2(COL) for this species). all the species exhibiting difficult relative orbital energies for

F 2s and Na 2p, only oneNaFNa —has been subjected to
experimental study, and the experimental thermochemistry of
this species is not known to high precision. Furthermore, this
is a species in which the problem is one of F 2s/Na&pital

a QOrbitals are numbered in order of increasing eigenval@rbital

the present study, but there are two principal objections to such
an approach. The first objection, which has been raised
elsewhere by Duke and Raddthjs that there is no clear

theoretical justification for excluding, from correlation, orbitals g ) e .
mixing, with most of the F 2s character residing in an orbital

that lie above the lowest lying orbital to be correlated; if the hat i ide the f g th ion: thi
eigenvalue of the lowest lying occupied valence orbital is thatis outside the frozen core using the COL assumption; this

sufficiently close to the datum to require its correlation, then it 1S Ot therefore, a case for which a noncontiguous correlation
would appear reasonable also that all occupied orbitals with SPace is appropriate. The only species that can serve as a test
higher eigenvalues should also be correlated. A second objec-Set for G2(NCCS) is NaNe for which there is very little core/

tion, which has also been raised by Duke and Ra#fsimore valence orbital mixing and for which the COL assumption fails
pragmatic: in some instances (some of which are identified in Spectacularly (with a G2(COL) SCA(Ne) value 6f160.9 kJ
Table 6) the mixing of the F 2s and Na,2pbitals is sufficiently mol~!). Here the G2(NCCS) technique yields an excellent
strong to preclude satisfactory identification of any molecular sodium cation affinity of 7.1 kJ mol—agreement with
orbital as F 2s, and so a G2(NCCS) calculation cannot be experimental values is withig:1 kJ mol-*—but the calculated
performed for such species. Notwithstanding these objections,enthalpy of formation would appear to be incorrect by a similar
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TABLE 6: Calculated Parameters for Orbitals at the Core/Valence Boundary in Selected FX and NaFX Species

species orbital né. eigenvalue assumed stattis fna (Maxy fx (maxy true ID correlation status
HF 2 —1.5812 valence 0.605 F 2s Y—N
NaFH" 4 —1.8162 core 0.130 0.593 F2s NYYN
5,6 —1.7543 core 0.651 0.001 Na.gp NNYN
7 —1.7517 valence 0.637 0.128 Na,2p YNYN
BF 3 —1.6913 valence 0.607 F2s -Y—N
NaBF" 5 —1.8699 core 0.027 0.605 F 2s NYYN
6,7 —1.7500 core 0.651 0.000 Na.gp NNYN
8 —1.7495 valence 0.651 0.001 Na,2p YNYN
NaFB* 5 —1.8709 core 0.049 0.607 F2s NYYN
6,7 —1.7755 core 0.651 0.001 Na.2p NNYN
8 —1.7749 valence 0.649 0.050 Na,2p YNYN
AlF 7 —1.5224 valence 0.605 F2s -Y—N
NaFAl* 9 —1.7376 core 0.532 0.339 ? N*YN
10, 11 —1.7273 core 0.651 0.001 Na,gp NNYN
12 —1.7033 valence 0.375 0.503 ? Y*YN
SiF 7 —1.5808 valence 0.605 F2s -Y—N
NaFSit 9 —1.7647 core 0.292 0.537 ? N*YN
10, 11 —1.7381 core 0.651 0.001 Na,gp NNYN
12 —1.7304 valence 0.581 0.282 ? Y*YN
NaSiF 9,10 —1.7788 core 0.651 0.000 Na,gp N—YN
11 —1.7787 core 0.651 0.001 Nazp N—YN
12 —1.7437 valence 0.010 0.606 F2s —-YN
FCI 7 —-1.6271 valence 0.598 F2s Y—N
NaFCIt 9 —1.8151 core 0.120 0.587 F2s NYYN
(2.188 Ay 10, 11 -1.7577 core 0.651 0.001 Na2p NNYN
12 —1.7556 valence 0.639 0.094 Na;2p YNYN
NaFCI" 9 —1.7768 core 0.488 0.395 ? N*YN
(2.88 A) 10, 11 -1.7761 core 0.651 0.000 Na.2p NNYN
12 —1.7741 valence 0.431 0.449 ? Y*YN
NaFCI 9,10 —1.7781 core 0.651 0.000 Na,p N—YN
(3.00 A) 11 —1.7778 core 0.646 0.071 Naz2p N—YN
12 —1.7699 valence 0.078 0.594 F2s -YN
NaNe" 4 —2.1517 core 0.009 0.662 Ne 2s NYYN
5 —1.7920 core 0.651 0.014 Naz2p NNYN
6 —1.7918 core 0.651 0.001 Na,2p NNYN
7 —1.7918 valence 0.651 0.001 Nay2p YNYN

2 Orbitals are numbered in order of increasing eigenval@xbital (alpha) eigenvalues, obtained from MP4(FC)/6-311G** population calculations.
¢ Assignment of orbital to the (frozen) core or to the correlation space (valence), on selection of the FC option in a routine GAUSSIAN94 single-
point calculationd Maximum alpha orbital coefficient for the sodium atofiMaximum alpha orbital coefficient for the fluorine or neon atom.
fIdentification, where possible, of the atomic orbital which this molecular orbital most closely rese#ibhesfour-character string listed for each
orbital summarizes its treatment by, respectively, the following four techniques: (i) G2(COL), (i) G2(NCCS), (iii) G2(thaw), and (iv) G2(X-2s)
[X = F or Ne]. The status for each method is identified as Y (orbital is included in correlation space); N (orbital is excluded from correlation);
(indicated method is identical to G2(COL) for this species); and * (this molecular orbital cannot be appropriately identified with any atoic orbita
indicated method is not defined for this speciésyiP2(full)/6-31G* optimized (linear) geometry MP2(full)/6-31G* partially-optimized linear
geometry. See text for discussion.

amount to the G2 error i\H°(Na"),11220namely by about  a highly accurateAH°(NaFX*") value and a highly accurate
18 kJ mol ™., SCA(FX) value for the same species FX.

Of several species for which we cannot determine meaningful C. Assessment of the G2(thaw) Procedure for Na-
G2(NCCS) total energies (mostly due to Na/F orbital mixing), Containing Cations. The G2(thaw) procedure has been de-
NaF" requires special comment. For this species, which is a scribed previously? albeit in a limited and somewhat incom-
doublet with 10a. and 9/ electrons, there is little mixing of  plete fashion. In the present work, and as described in the
Na/F orbitals, but the ordering of the F 2s and Na 2p orbitals is Theoretical Methods section above, we have defined the G2-
different for thea. and 3 electrons. An appropriate noncon- (thaw) method more explicitly in order to minimize problems
tiguous correlation space for this species would therefore with relative energies of correlated and frozen orbitals in cases
include, for thea electrons, the filled orbitals numbered 4, 8, (such as NaFM, M = Li, Be, Mg, Al) where Na and another
9, and 10 (and all virtual orbitals), and for tifeelectrons, metal atom are both present.
orbitals 7, 8, and 9 (plus all virtual orbitals). ACES Il does The central notion behind the G2(thaw) method is this. In
not currently permit the definition of such a correlation space, most of its compounds, and especially within cations, the sodium
and we are not aware of any widely available packages thatatom can be treated largely as™NaSince N4 is isoelectronic
can perform such a calculation. with F~ and Ne, and since the 2s and 2p orbital energies for

We conclude that segmentation of the correlation space canthese three entities are not greatly disparate, it seems appropriate
yield plausible total energies for systems in which the problem to accord a similar electron correlation treatment to all three;
is one of core/valence orbital energy reversal (rather than core/thus, if the 2s and 2p orbitals define the valence shell of F
valence mixing). Nevertheless, it is not a valid strategy when and of Ne, these same orbitals can also be considered as the
core/valence mixing does occur, and in such cases other methodsalence shell for N& Our previous introductory study on G2-
must be used. Furthermore, since the G2(NCCS) total energy(thaw)? claimed two notable successes over standard G2
for Na* is identical to the G2 value which is substantially in theory: a significant improvement in the agreement between
error, it follows that G2(NCCS) will not be able to provide both calculated and experimental ionization energies of Na and a



6144 J. Phys. Chem. A, Vol. 102, No. 30, 1998 Petrie

-720.73 -720.98
® MP2(full)/6-31G* NaFCl+
=] MP2(FC,COL)/6-31G*
-720.75- °  G2(MPZ(COL)) I
&
wn
5 720774 H-721.02
an
> 3
5 i:
g -720.79 -721.04 =
= °
= =
S &
I p
& -720.81 L-721.06 &
= &
-720.831 ' ; . . . , L.721.08
1.8 2 22 24 26 2.8 3 3.2

Na-F Interatomic Distance / Angstroms

Figure 1. Dependence of total enerds: for NaFCI upon the Na-F bond length, at various levels of theory. All calculations are for the linear
NaFClI configuration (with optimization of the FCl distance in the MP2 calculations for each point). At MP2(full)/6-31G*, the global minimum

is a bent NaFCl structure as detailed in Table 2: however, at all levels of theory employed here, the energy difference between linear and bent
geometries is slight and does not greatly influence the observed dependeBcepmn the sodiumfluorine distance. The partially optimized
MP2(full)/6-31G* results were used to obtain the G2(MP2(COL)) values depicted.

TABLE 7: G2(NCCS) Total Energies, Enthalpies of sufficient accuracy (i.e., with an uncertainty not greater than
Formation, and lon—Ligand Binding Energies for NaFX* +2 kJ mol?) to provide truly useful benchmarks for our
Stationary Points purposes of comparing the thawed and unthawed Gaussian-2
Eq? AEo(NCCSy  AH® ¢ SCAd procedures; however, several useful conclusions can still be
species  (Hartrees) (mHartrees) (kJmol™) (kJ mol™) drawn from the existing data. In Table 8, we present G2-based
NaFH" —262.03356 —64.63 257.8 50.6 total energies for the sodium-containing species selected for this
*NaFBe —276.13275 —28.75 422.5 8.2 comparison, while in Table 9 we compare the experimental and
"I\'lﬁ\lBa':(;F)* :ggg-ié% ‘712 :;8-2% igg-é Gf-i’ calculated energetic parameters for these species. Note that,
NaFB* _586.19208 —69.05 4511 126 for almost all members of this test set, G2(COL) appears to
2NaCF —299.290 74 —60.83 824.2 -15 give meaningful thermochemical values. Failure of the COL
2NaFCr —299.29405 —71.58 815.5 7.2 assumption is, after all, a rather rare occurrence among first-
SNaNF+ —315.93965 —75.77 806.3 8.7 and second-row compounds!
2“25'\;: :gég-gg% % :;51,'23 238-3 1;'-;5 The results reported in Table 8 show, firstly, that there is
?Na(FO) bent —336.36654 —77.36 679.9 157 very cllose accord bejrween the standard.GZ and G2(MP2) total
2NaFO —336.36395 —74.97 686.7 8.9 energies for all species: note that the differences between G2
NaFF —360.98838 —75.81 586.5 0.3 and G2(MP2)E, values for chlorine- or argon-containing species
T-Na(R)* —360.99505 —74.88 569.0 17.8 reflect differences in thés, values of the Cl and Ar atoms
NaNe* —290.48601 —63.97 578.1 7.1 themselves. Secondly, the various thawed methods are seen to

aTotal energy, including ZPE, at the G2(NCCS) level of theory. have very similar effects; in all the examples chosen for
b Eo[G2(NCCS)]— Ej[G2(COL)]. ¢ Calculated enthalpy of formation,  calculation,Eg for molecular ions is increased upon thawing
at 0 K. ¢ Sodium cation affinity at 0 K. by slightly less tham\Eq(thaw) for Na" itself. There are too

few sodium-containing neutrals in Table 8 for any trends to be

dramatic improvement in the (as yet not experimentally particularly clear, but it appears thAEq(thaw) for such species
characterized) sodium cation affinity of HF. In fact, as is now s generally slightly negative. Therefore, G2(thaw) should yield
seen from an examination of the orbital energies (see Table 6),generally higher ionization energies than G2 for sodium-
the reported G2 value for SCA(HE —119 kJ mof* 12is really containing neutrals.
a G2(COL) value, because the COL assumption is violated for  The relative quality of the various calculated values displayed
this species. Correlation of the same total number of orbitals, in Table 8 is best judged by reference to the experimental values,
in a G2(NCCS) calculation, is seen to deliver a substantially and this is done in Table @. It is apparent that both the
improved value for SCA(HF). Nevertheless, in view of our “standard” methods (G2 and G2(MP2)) and the various “thawed”
finding (see above) that G2(NCCS) values cannot be obtainedmethods tend to underestimate the experimental sodium cation
for some of the Na(FX) species, a method such as G2(thaw) affinities and ionization energies. However, for most systems
would appear to be required in several instances. in Table 9 (including the experimentally-well-characterized

We have not previously reported a rigorous assessment ofspecies Na, NaHe"™, NaArt, and Na*), the thawed techniques
the relative performance of G2 and G2(thaw). Here we perform perform rather better than standard G2 or G2(MP2), particularly
such an assessment, with reference to several experimentallyfor the calculation of sodium cation affinities. As with G2-
determined energetic parameters for sodium-containing ions.(NCCS), NaNeé is arguably the crucial case, since this is the
Unfortunately, few of the experimental measurements are of sole species in Table 9 for which the COL assumption is not
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TABLE 8: Total Energies, Eo,, Calculated for Experimentally Characterized Sodium-Containing Cations and Related Species

G2 G2(MP2)

specied Eq? (thawy AEg(thawf  (thaw/MP2} Eq? (thawy AEg(thawf  (thaw/MP2}

Na" —161.66429 —161.659 08 +5.21¢ —161.659 76 —161.66429 —161.65943 +4.86 —161.659 76
NaHe" —164.565 64 —164.560 80 +4.84 —164.56145 —164.56564 —164.561 14 +4.50 —164.561 45
NaNe" —290.422 04  —290.481 82 —59.78 —290.47970 —290.42219 —290.478 80 —56.62 —290.479 85
NaAr* —688.72549 —688.721 49 +4.00 —688.72210 —688.71478 —688.71110 +3.68 —688.711 39
°NaLi* —169.12996 —169.127 50 +2.46 —169.12999 —169.12996 —169.127 64 +2.32 —169.129 99
2NaNa" —323.545 68 —323.54141 +4.27 —323.54195 —323.54568 —323.54168 +4.00 —323.541 95
NaCH;*" —202.084 44 —202.08154 +2.90 —202.08204 —202.08317 —202.08054 +2.63 —202.080 78
NaNHs* —218.1618% —218.159 492 +2.43 —218.15985 —218.15999 —218.15779 +2.20 —218.157 99
NaOH," —238.03016 —238.027 65 +2.51 —238.02805 —238.02789 —238.02559 +2.29 —238.025 78
NaClH" —622.01941 —622.015 9Y +3.44 —622.016 53 —622.010 70 —622.007 55 +3.15 —622.007 82
NaNN* —271.068 03 —271.064 73 +3.30 —271.06526 —271.06505 —271.06203 +3.02 —271.062 29
NaCO" —274.856 11 —274.852 97 +3.14 —274.85349 —274.85397 —274.85107 +2.90 —274.851 31
NaCG*t —350.04356 —350.041 47 +2.09 —350.04181 —350.03893 —350.037 04 +1.89 —350.037 18
NaCINa~ —783.41996 —783.41584 +4.12 —783.416 78 —783.41059 —783.406 96 +3.63 —783.407 40
NaLi —169.31378 —169.31491 —1.13 —169.317 34 —169.31440 —169.31562 —-1.22 —169.317 96
Na —323.72300 —323.72475 —1.75 —323.72528 —323.72358 —323.72552 —1.94 —323.725 86
NacCl —621.68022 —621.679 01 +1.21 —621.67937 —621.6710% —621.67001 +1.00 —621.670 16
2NaCl —783.55753 —783.557 69 —0.16 —783.55800 —783.54820 —783.54856 —0.36 —783.548 67

aTotal energy, including ZPE, at the indicated level of thedi@hange inEy(G2) or Eo(G2(MP2)), in mHartrees, due to sodium inner-electron
correlation. Previously reported in ref E.Previously reported in ref 12.Previously reported in ref 4G2(COL) value. See Table 7 for the
corresponding G2(NCCS) valueG2(MP2)(COL) value. Corresponding G2(MP2)(NCCS) value-290.478 55 Hartrees.

TABLE 9: Comparison of Experimental and Calculated Parameters for Sodium-Containing Cations

G2 G2(MP2)
species parameter expt G2 (thaw) (thaw/MP2) G2(MP2) (thaw) (thaw/MP2)
Nat IE 495.8 477.6 491.2 489.4 477.5 490.3 489.4
NaHe" SCA 3.3;3.9;5.0;5.8 29 3.8 3.8 2.9 3.8 3.8
NaNe SCA 6.1,6.4,7.4 —160.9 9.7 2.4 —-152.8 8.6 105
NaArt SCA 15.5;18.4;20.4 14.4 17.6 17.4 14.4 175 17.4
2NaLi* SCA 934 Bpe 87.8 95.0 99.8 87.8 94.5 99.8
IE 487+ 4be 482.6 492.0 491.9 484.3 493.5 493.5
2NaNa" SCA 98 92.4 94.9 94.5 92.5 94.7 94.6
IE 471.72+ 0.02 465.6 481.4 481.3 467.1 482.7 482.9
NaCH,* SCA 34 24.3 30.4 29.9 24.2 30.1 29.8
NaNH;* SCA 124 102.2 109.5 108.8 100.8 108.1 107.8
NaOH" SCA 103; 113 88.8 95.9 95.2 88.2 94.9 94.5
NaClH* SCA 54 39.3 43.9 43.6 38.8 43.3 43.2
NaNN*" SCA 38 29.2 34.2 33.8 29.6 34.4 34.3
NaCO* SCA 57 37.6 43.1 42.6 375 42.6 42.4
NaCQO,* SCA 62; 71 47.2 55.3 54.5 47.3 55.1 54.6
NaCINa SCA 178+ 2321176+ 17 198.1 201.0 201.6 197.7 200.9 201.2
IE 400+ 21396+ 10PN 361.2 3724 370.8 361.3 371.8 370.9
NaLi Do(Na—Li) 84 + 1°¢ 92.9 95.9 102.2 94.5 97.7 103.9
NaNa Do(Na—Na) 7P 80.4 85.0 86.4 82.0 87.1 87.9
NaCl Do(Na—Cl) 407 413.3 410.1 411.0 415.1 412.5 412.9
NaClNa Do(NaClNa) 82bf 720 81.7 85.3 85.2 81.4 85.0 84.9
AH% —1550f —144h —160.2 —160.6 —161.4 —161.8 —162.7 —163.0

2| jterature value of indicated parameter (adjusted to 0 K), taken from the compilation of Keesee and Cé&stlateas otherwise indicated.
b Reference 205 G2(COL) value. The G2(NCCS) value for this parameteti1 kJ mot?. ¢ G2(MP2)(COL) value. The G2(MP2)(NCCS) value
for this parameter is-4.8 kJ mof?. ¢ See text for discussionReference 22. This is one of two independently listed values for this parameter in
ref 20.9 Reference 23" Please note that the tabulation of gas-phase ion and neutral thermoch®rmswyrectly citesAH(NaCl) = —244 +
17 kJ moi? as the value from the study of Kappes et?ain fact, the data tabulated by Kappes et3ajield alternativelyAH((NaCl) = —147
+ 25 and—142 kJ mot? from two different thermochemical cycles.

valid. All four thawed methods yield positive SCA(Ne) values calculated to possess a (marginally) negativeN@gX) bond
within £5 kJ mol! of the experimental values; while this is  strength, and even in this instance the SCA value has been
not so impressive as thel kJ mol 't agreement with experiment  improved from G2(COL) by almost 100 kJ mél
afforded by G2(NCCS), it is likely that the excellent value Comparison with experiment is possible only in the instance
yielded by G2(NCCS) is somewhat fortuitous, since the of NaF", for which Kappes et & have obtained SCA(NaF)
analogous G2(MP2(NCCS)) method, based on G2(MP2) theory,= 255+ 13 kJ mot®. This result is in excellent agreement
yields a small negative value for SCA(Ne). with our G2(thaw) value of SCA(NaFF 259 kJ mot, and

D. G2(thaw) calculations on Na(FX). In Table 10, we may be contrasted with the standard G2 value (see Table 3) of
present the results of our G2(thaw) calculations upon sodium- SCA(NaF)= 236 kJ mot?. Of several theoretical studies on
and fluorine-containing ions. It is very readily apparent that NaF+,26-29 the most receft reports a value of SCA(NaFx
the calculated SCAs for the relevant fluorides are substantially 244 kJ mot?! at the MP4SDTQ(fc)/6-31EG*//MP2(full)/
improved from their respective G2(COL) values; of the SCA- 6-31+G* level of theory. While the best agreement with the
(FX) values listed in Table 10, only one species (Naks experimental value is obtained by G2(thaw), it should be noted



6146 J. Phys. Chem. A, Vol. 102, No. 30, 1998

TABLE 10: G2(thaw) Total Energies, Enthalpies of
Formation, and lon—Ligand Binding Energies for NaFX*
Stationary Points

Eq? AEo(thawf  AH%° SCAd
species (Hartrees)  (mHartrees) (kJ mof™) (kJ mol)

2NaF* —261.29025 —32.37 680.6 —-4.3
NaFH" —262.03458 —65.60 255.2 66.8
NaFLi* —269.025 66 —4.66 42.3 216.3
°NaFBe —276.15808 —54.08 356.0 88.4
NaBF* —286.20869 —68.05 407.5 69.8
T-Na(BF)" —286.18399 —67.00 472.3 5.0
NaFB" —286.18958 —66.55 457.7 19.6
’NaCF —299.30635 —76.44 783.2 53.2
’NaFCf —299.29139 —68.92 8225 13.9
SNaNF~ —315.94512 —-81.24 792.0 36.8
SNaFN" —315.93973 —69.80 806.1 22.7
’NaOF —336.36076 —73.53 695.1 14.2
°Na(FO) bent —336.36169 —72.51 692.6 16.6
’NaFO" —336.36104 —72.06 694.3 14.9
NaFF —360.98520 —72.63 594.8 5.7
T-Na(R)* —360.99196 —71.79 577.1 23.4
NaFNa —423.41939 —36.4 45.3 259.1
2NaFMg+ —461.162 57 —0.42 230.6 152.6
NaFAI* —503.52284 —29.45 218.4 111.6
°NaSiF —550.451 55 +3.49 527.8 14.4
°NaFSi —550.47516 —55.34 465.8 76.3
SNaPF —602.277 81 +3.96 551.6 0.3
SNaFP —602.30199 —60.94 488.1 63.8
°Na(FS) bent —659.09699 —65.29 556.7 51.8
’NaFs —659.097 02 —65.13 556.7 51.9
Na(FCl)" bent —721.08278 —67.21 495.9 311
NaFCl —721.08271 —66.98 496.1 30.9

aTotal energy, including ZPE, at the G2(thaw) level of theory.
b Change inEo(G2) due to sodium inner electron correlatiéiCalcu-
lated enthalpy of formation, at 0 K.Sodium cation affinity at 0 K.
This parameter has been calculated using the G2(thaw) value for Na
and G2 total energies for the ligand$reviously reported in ref 12.

that the experimental uncertainty is fairly large compared to
the difference between G2 and G2(thaw) values of SCA(NaF),
and so this is not a particularly useful test of the relative

Petrie

thawed comprise a smaller proportion of the total set of orbitals
for the larger ior-the absolute increase is often still consider-
able, and the computational cost of such G2(thaw) calculations
for larger sodium-containing ions may be judged to be prohibi-
tive. In this context, we note that very similar numerical values
are obtained with the less computationally expensive G2(MP2-
(thaw)), G2(thaw/MP2), or G2(MP2(thaw/MP2)) techniques,
and we display the G2(MP2(thaw)) and G2(MP2(thaw/MP2))
values in Table 1 In the absence of reliable experimental
values for the relevant sodium cation affinity values, it is not
possible to judge precisely which technique is the most accurate;
however, G2(thaw) includes a consideration of eoralence
electron correlation at a higher level (fourth-order Mgher
Plesset) than do the other thawing techniques, and we would
therefore expect G2(thaw) to be the most reliable of these
procedures. Of the other three methods, G2(thaw/KP2)
displays the greatest systematic variation from the G2(thaw)
results; we therefore suggest that the G2(thaw/MP2) method is
probably the least reliable of the thawing technigues surveyed
here. We recommend instead the use of G2(MP2(thaw/MP2))
which is less computationally intensive than G2(thaw/MP2) and
appears more reliabteéf an economical treatment of sodium
inner-shell electron correlation is desired.

F. Assessment of the G2(F-2s) ProcedureThe final
strategy that we have explored as a route to improved G2 values
for the NaFX" species is perhaps counterintuitive: the G2-
(F-2s) approach involves a reduction in the number of molecular
orbitals to be correlated. There are two potential advatages to
such an approach: firstly, it is relatively inexpensive in CPU
time; and secondly, because both the orbital energy conflict and
the core/valence mixing for NaFXand NaNe involve only
the Na 2p and (F or Ne) 2s orbitals, we might expect that
removal of all of them offending orbitals from the correlation
space may obviate the deficiencies evident in the G2(COL) total
energies for these species.

Nevertheless, the F 2s orbital is normally considered as part

reliability of the thawed and standard G2 approaches. Never- Of fluorine’s valence shell, and its removal from the correlation

theless, NaFNais a species for which our calculations show

space may give rise to other problems. As an assessment of

significant core/valence mixing, and so a procedure such as G2-the reliability of G2(F-2s), we have determined the total energies

(thaw), which effectively expands the valence shell, might well

and enthalpies of formation of the diatomic fluorides HF, LiF

be expected to produce superior results. We contend that the F2, and NaF— FCI.  These values are displayed in Table

ability of G2(thaw) to return positive SCA values for all of the
diatomic fluorides surveyed here is also a very good affirmation
of the merits of this technique.

While a comparison with the other new variants of G2 will

12. The agreement between G2 and G2(F-2s) for these 15
fluorides is (perhaps surprisingly) generally quite good: only
five species (CF, NF, OF,,Fand FCI) show discrepancies of
more than 2 mHartrees between G2 and G2(F-2s) total energies.

be explored in somewhat more detail in a subsequent section,Moreover, there is a strong connection between this discrepancy,

a brief comment on the G2(thaw) and G2(NCCS) values is
appropriate at this juncture. In most instances, the two

AE(G2(F-2s) — G2], and the degree of covalent character
expected in the various-FX bonds; for the most purely ionic

techniques deliver reasonab|y similar total energieS, entha|piesﬂuoride NaF, exclusion of the F 2s orbitals from the correlation

of formation, and SCAs, but the values for NaFBmd NaCFE

space actually reduces the total energy by a small amount, while

are in serious disagreement: G2(NCCS) delivers total energiesin all other cases (and most notably where X'is C, N, O, F, or

for these two species that are significantly higher than the G2-

Cl) the G2(F-2s) total energies are somewhat higher than G2,

(thaw) total energies. This discrepancy appears to arise from awith by far the greatest difference being seen for the only purely

high degree of F 2s/Na 2mixing in NaFBe and NaCF, and

covalent species @ It seems very reasonable that neglect of

we expect the G2(thaw) results to be the more accurate for thesd= 2s orbital correlation will be more important in species in

species.

E. Less Computationally Intensive Variants of G2(thaw).
The inclusion of sodium inner-electron correlation is not without
some additional cost in CPU time; for example, the constituent
single-point calculations for the G2(thaw) calculation on NaFH

which this orbital is involved to some extent in covalent bond
formation, and this is indeed borne out by our calculated values.
In terms of assessment versus experimental values (which is
not, in this instance, the primary objective), G2(F-2s) is
obviously rather poor for CF, NF, OF, and especially 62-

consume almost 4 times as much CPU time as do the analogougF-2s) is (fortuitously?) better than G2 for FCI; and there are

G2 calculations. While the relative increase in CPU time for a

also a few species, notably BeF, MgF, and SiF, for which

larger sodium-containing ion is not, in most instances, as greatG2, G2(MP2), and G2(F-2s) all predict enthalpies of formation

as that of NaFF—since the sodium inner-core orbitals to be

in good mutual agreement, but disagree significantly with the
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TABLE 11: G2(MP2), G2(MP2(thaw)), and G2(MP2(thaw/MP2) Total Energies, Enthalpies of Formation, and Sodium Cation
Affinities for NaFX * Stationary Points

G2(MP2) G2(MP2(thaw)) G2(MP2(thaw/MP2))
species Eg sca Ee? AEg(thawf ~ AH%?  SCAP = AH%8  SCAP

NaF —261.25559  —98.8 —261.28678  —31.19 6795 —4.2 —261.28498 6842 —9.8

NaFH* —261.96898 —111.2 —262.03178  —62.80 252.3 66.5 —262.03104 2542 63.6
NaFLi* —269.017 92 190.9 —269.022 28 —4.36 410 2151 —269.022 12 414 2138
NaFBe' —276.10302  —60.9 —276.15463  —51.61 357.9 87.4 —276.15306  362.1 82.4
NaBF* —286.14156 —114.1 —286.20667  —65.11 404.3 69.7 —286.20684  403.9 69.2
T-Na(BF) -286.11814 —175.6 —286.18210  —63.96 468.8 5.1 -286.18246  467.9 5.2
NaFB -286.12415 —159.8 —286.18763  —63.48 454.3 19.7 —286.18784  453.8 19.4
2NaCF* -299.22965 —152.9 —299.30328  —73.63 780.0 532 -299.30219 78238 495
2NaFC* —209.22242 —171.9 -299.28841  —65.99 819.0 142 —299.28798  820.1 12.2
NaNF 31586211 —182.0 —315.94058  —78.47 789.3 368 —315.93861  794.4 30.8
SNaFN* —315.86845 —165.3 —315.93530  —66.85 803.1 229 -31593427 8058 19.4
2NaOF" —336.28454 —183.9 —336.35517  —70.63 690.7 143 —336.35299  696.4 7.7
Na(FO) bent ~ —336.28756 —176.0 —336.35605  —68.49 688.4 16.6 —336.35438  692.8 11.3
2NaFO* —336.286 89 177.8 —336.35542  —68.53 690.1 149 -336.35376  694.4 9.7
NaFF* —360.91004 —189.2 —360.97929  —69.26 589.9 54 —360.97786  593.7 0.8
T-Na(R)* -360.91783 —168.7 —360.98623  —68.39 571.7 236 —360.98501  574.9 19.6
NaFNa —423.412 75 236.4 —423.41613 -3.38 436  258.0 —423.41602 439  256.9
2NaFMg+ —461.154 59 140.0 —461.16257 ~7.98 2204 1609 —461.15813  232.0  148.4
NaFAl* —503.492 01 26.6 —503.51976  —27.75 213.6 1122 -503.51854  216.8  108.1
2NaSiF* ~550.449 19 10.7 —550.445 98 +3.21 523.8 15.0 ~—550.44625  523.0 14.9
NaFSi -550.416 77  —74.4  —550.46962  —52.86 331.3 771 —550.46876 3335 74.0
NaPF —602.273 87 —25  —602.270 20 +3.66 549.9 0.6 —602.27049  549.2 0.5
SNaFP* —-602.23658 —100.4 —602.29462  —58.04 444.9 64.7 —602.29411  446.2 62.5
2Na(FSY bent ~ —659.02437 —123.7 —659.08646  —62.08 553.3 520 —659.08624  553.8 50.6
NaFs' —659.02463 —123.1 —659.08657  —61.94 553.0 523 —659.08632  553.6 50.8
Na(FCly bent ~ —721.00665 —136.0 —721.07007  —63.42 493.0 432 -721.07042 4921 433
NaFCl ~721.00682 —135.6 —721.07044  —63.63 492.0 442 -721.07028 4925 42.9

aTotal energy (in Hartrees), including ZPE, calculated at the indicated level of theBogium cation affinity of ligand FX, in kJ mot,
obtained at the indicated level of theofyChange inE((G2(MP2)) due to sodium inner-electron correlatié&nthalpy of formation, in kJ mof,
at 0 K, at the indicated level of theory.

TABLE 12: Comparison of G2, G2(MP2), and G2(F-2s) Total Energies and Enthalpies of Formation for Diatomic Fluorides

G2 G2(MP2) G2(F-2s) lt.
ZPE Eo? AHC Eo? AH o Eo? AEW(G2-FP  AH%° AHC; o

species (mHartrees) (Hartrees) (kJ mol?) (Hartrees) (kJmol?)  (Hartrees) (mHartrees) (kJ mol?) (kJ mol?)
HF 8.86 —100.35001 —276.8 —100.347 04 —279.2 100.348 87 +1.14 —273.8 —272.5+ 0.8
LiF 2.10 —107.28421 —340.2 —107.28092 —341.8 —107.28262 +1.59 —336.1 —340.6+8.4
’BeF 2.68 —114.46535 —1545 —114.46193 —152.6 —114.464 56 +0.79 —152.4 —172.2+8
BF 2.99 —124.52302 —121.5 —12452071 —123.9 —124.52260 +0.42 —120.4 —118.38

2CF 2.87 —137.627 00 237.6 —137.62359 235.3 —137.623 89 +3.11 245.8 231.68
SNF 2.59 —154.272 02 229.9 —154.267 13 228.2 —154.267 57 +4.45 241.6 232.22.1
20F 2.39 —174.696 27 110.4 —174.690 31 107.1 174.69052  +5.75 1255 109t 8

F, 2.53 —199.323 97 1.7 —199.317 86 —-25 —199.310 71 +13.26 36.5 0

NaF 1.20 —261.66162 —2945 —261.65842 —296.3 —261.662 24 —0.62 —296.1 —288.8+ 2.1
2MgF 1.58 —299.44538 —215.7 —299.441 85 —213.8 —299.444 31 +1.07 —212.9 —236.4+ 8.4
AlF 1.76 —341.82127 —268.9 —341.817 59 —272.1 —341.821 03 +0.24 —268.3 —265.6+ 3.4
°SiF 1.87 —388.787 00 —56.7 —388.780 83 —50.1 —388.786 72 +0.28 —55.9 —22+25
SPF 1.86 —440.618 62 —47.0 —440.610 54 —47.4 —440.617 68 +0.94 —44.5 —52+21
°SF 1.88 —497.418 18 9.7 —497.407 21 7.4 —497.416 31 +1.87 14.6 12+ 6
FCI 1.86 —559.406 67 —58.2 —559.394 17 —61.6 —559.404 34 +2.33 —52.1 —50.2+ 4

aTotal energy, including ZPE, at the G2(F-2s) level of thedighange irEy(G2) due to removal of F<orbital from correlation space, expressed
asE[G2(F-2s)]— E«(G2). ¢ Comparison of G2(thaw) and G2(F-2s) methods, expressBg@&(F-2s)]— E[G2(thaw)}-Eq[G2(F-2s)]. Calculated
enthalpy of formation, at 0 K& Previously quoted in ref 4.Ref 31.

rather uncertain experimental values. We recommend an ex- Some interesting points of comparison are possible between
perimental reevaluation of the thermochemistry of the latter three individual G2(thaw) and G2(F-2s) values. Curiously, the two
species. techniques show somewhat better agreement for SCA values
G. G2(F-2s) Calculations on Na(FXj. We have per- of the covalent fluorides OF,Fand FCI than for the ionic
formed G2(F-2s) calculations upon all of the Na(FX$jationary fluorides LiF, NaF, BeF, and AlF, even though the G2(F-2s)
points and have also calculated the G2(Ne-2s) total energy fortreatment of the isolated covalent fluorides is quite poor. The
NaNe'. All of these values are detailed in Table 13. If, inthe good values for covalent fluoride SCAs in G2(F-2s) arise via a
absence of benchmarks for almost all of these species, we regardortuitous cancellation of errors, since the G2 (and G2(F-2s))
an ability to determine positive SCA values as an initial total energy for Na is also poor.
indication of reliability, then G2(F-2s) performs fairly well: A more detailed relative assessment of these methods is the
negative values are obtained only for SCA(F) and SCA(PF). subject of our next section.
The determination of SCA(NeF 5.4 kJ mof?, within 2 kJ H. Comparison of the G2(NCCS), G2(thaw), and G2-
mol~? of the experimental valué$;!®is also encouraging. (F-2s) Approaches. Can we decide which of G2(NCCS), G2-
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TABLE 13: G2(X —2s) [X = F, Ne] Total Energies, G2(MP2(thaw/MP2)) and G2(F-2s) being the cheapest methods.
Enthalpies of Formation, and lon—Ligand Binding Energies (It would, indeed, be possible to concoct even less expensive
for NaFX™ and NaNe’ variants of G2(NCCS) and G2(F-2s), by analogy with the G2-
=5 AE(X-2sP  AH% " SCA¢ (MP2) technique, but this is an issue that we do not explore
species (Hartrees) (mHartrees) (kJ mol?) (kJ mol?) further here.)
*NaF* —261.29447 —36.59 669.5 —6.9 In our discussion connected with Table 9, we have observed
NZEEZ :ggg-ggg gg _fz-gg 223-;' zgg'g that G2(thaw) is significantly superior to G2 theory for
’NaFBe 57615857 5457 354 7 780 calr_:ulatlng sodu_m_w cation affinities, when_the core and valence
NaBF+ —286.21058 —69.94 402.5 62.2 orbitals are sufficiently separated that mixing or core/valence
T—Na(BF)*  —286.18747 —70.41 463.2 15 confusion is not a problem. There is thus an expectation that
NaFB* —286.19273 —69.70 449.4 15.3 G2(thaw) should also treat difficult NaFXspecies reasonably
“NaCF —299.30555  —75.64 785.3 45.6 well, since all of the contentious orbitals are included in the
3maFC: :299'292 17 :69'70 8204 10.5 correlation spacé In contrast, our expectations of G2(F-2s)
aNF 315.939 66 75.78 806.3 20.5 . . . - .
3NaFNt 31593935 —69.42 807.1 19.7 th_eo_ry are not so high, since there are several diatomic fluorides
2NaOF" —336.357 72 —70.49 703.0 7.6 within Table 12 for which G2(F-2s) does not perform as well
°Na(FO)" bent —336.36020 —71.02 696.5 14.2 as G2.
LNa""‘:Fg :ggg-g?g % :gg-gg gg?-g 13-3 A more detailed assessment is made possible by the calculated
T-Na(R)* _36098210 —61.93 603.0 186 dlff_erences in enthalpies o_f formation and sodium cation affinity,
NaFNa —423.422 08 —6.33 38.2 250.9 which we have presented in Table 14. We have calculated mean
NaFMg" —461.16615 —4.00 221.2 151.1 deviations (MD) and mean absolute deviations (MAD) for each
g\laFA_li —503.52425 —30.86 214.7 102.2 pair of techniques and have also calculated adjusted values of
2“2%:# 228-33‘7‘ ig _Jgg-‘ég iégg 6%-5; these parameters (when difficult species are excluded from the
NaPFE 60227360 1817 562.6 990 comparﬁson). If we .examine. the unadjusted MAD values for
3NaFP —602.30380 —62.75 483.3 573 enthalpies of formation, we find that the lowest MAD (7.1 kJ
2Na(FS) bent —659.09816 —66.41 553.7 46.1 mol™1) is seen between the (G2(thaw) and G2(X-2s) techniques.
2NaFs —659.09811 —66.22 553.8 46.0 This value is not drastically improved by exclusion of the'Na
Na(FCI)" bent —721.08361 —67.99 493.7 39.3 F, stationary points (which are not well treated by G2(F-2s)
“ZECJ :;Sé:ggg gg :g;gz ggg:? 32:2 theory), while the MAD values for comparisons involving G2-

(NCCS) are much improved by exclusion of the strongly mixed

2 Total energy, including ZPE, at the G2¢%s) level of theory. species NaBeF and NaFC. Nevertheless, even when all
;C;‘g‘geex”‘rfg(sigéc%eég (r)?mg;/)ail OfEF (‘gg%@;‘éﬁ'&gg gﬂ{ﬂ?ﬂogf difficult species are excluded, the lowest MAD is still that seen
foprmat]ion,pat 0 K.9 Sodium cation aff[i)nity at 0 K. This paramet?r/ has between G2(thaw) and G2(X-2s).
been calculated using the G2 value for'Nand G2(X-2s) total energies If we make a comparison on the basis of sodium cation
for the ligands. affinity, we find that the lowest unadjusted MAD value is again

that seen between G2(thaw) and G2(X-2s). In this case,

(thaw), and G2(F-2s) offers the best performance in cases wherenowever, exclusion of NaFFand Na(R)* actually increases
the COL assumption fails? Such an assessment is made morghe MAD slightly (because of a cancellation of errors arising
complicated since, of the species for which all three methods from the bad G2(F-2s) total energies fog &d for Nak*),
are applicable, an accurate experimental value is known only while the lowest adjusted MAD for SCA is that seen between
for NaNe'. Itis not reasonable to make judgment on the basis G2(NCCS) and G2(X-2s).
of one point, and so an internal comparison of all three methods  Finally, if we compare mean deviations and mean absolute
against each other must be attempted. We can preface such @eviations, we find that G2(thaw) almost always yields the
comparison with some pertinent observations. highest sodium cation affinities, while G2(NCCS) usually yields

(i) The inadequacy of G2(NCCS), for species exhibiting the lowest SCA values. How can these observations be
strong mixing between F 2s and Na 2p orbitals such as N&FBe interpreted?
indicates that this method is not as widely applicable as the |n the absence of accurate literature values for the NaFX
other methods. species, the best assessment we can make is that the G2 var-

(i) The results of any comparison will depend upon the iants between which there is the closest agreement are prob-
parameters being compared. For Ndf-Xe can examine the  ably the more accurate methods. However, while such a
calculated enthalpies of formation or the sodium cation affinities consensus argument may be reasonable for enthalpies of
of the corresponding fluoride FX. The enthalpies of formation formation, it may not be valid in the case of sodium cation
obtained using G2(NCCS), G2(thaw), and G2(F-2s) are all affinities, since the G2(thaw) total energy forNa significantly
standardized in the sense that they are calculated from atomi-different from the standard G2 value employed by both G2-
zation energies at these respective levels of theory, and the tota(NCCS) and G2(X-2s). Thus we may infer that a survey of
energies of all atoms, at each of G2(NCCS), G2(thaw), and G2- MAD values for the enthalpies of formation tentatively supports
(F-2s), are defined to be equal to their standard G2 values. Thisour expectation that G2(NCCS) is, inherently, a less reliable
is not the case with sodium cation affinities. The total energies technique than G2(thaw) or G2(X-2s); we cannot make such a
of Na© and of FX are, at G2(NCCS), equal to their G2 values, statement concerning the sodium cation affinity values, but
but the G2(thaw) total energy of Naliffers from G2, as does  presumably if the G2(NCCSAH’;, values are regarded as
the G2(F-2s) total energy of FX. These distinctions need to be being of inferior quality, the same will apply to the G2(NCCS)
remembered in analyzing the data. SCA values.

(iif) We must also decide (within reason) whether the main  As a result of the three-way comparison embodied in Table
criterion is accuracy or speed of calculation. G2(thaw) is 14, as well as the comparison between G2(thaw) and G2 sodium
substantially the most CPU-intensive method explored here, with cation affinities in Table 9 and the G2 and G2(F-2s) enthalpies
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TABLE 14: Deviations between G2(NCCS), G2(thaw), and G2(%2s) [X = F, Ne] Values for AH®%; o and SCA

G2(NCCS)— G2(thaw) G2(NCCS)- G2(X—25) G2(thaw)— G2(X—2s)
NaFXx* A[AH®] (kI mol)  ASCA (kJ mof?)  A[AH®%] (kJ moll)  ASCA (kJmof?)  A[AH®%] (kJmolY)  ASCA (kJ moi?)
2NaF" +11.1 +2.6
NaFH" +2.6 —16.2 +8.4 —11.4 +5.8 +4.8
NaFLi* —-0.2 +9.7
°NaFBe +66.5 —80.2 +67.8 —69.8 +1.3 +10.4
NaBF -7.3 —-6.4 —-2.3 +1.2 +5.0 +7.6
T-Na(BF)" —9.8 -39 -0.7 —-0.4 +9.1 +3.5
NaFB* —6.6 -7.0 +1.7 —2.7 +8.3 +4.3
°NaCF +41.0 —54.7 +38.9 —47.1 2.1 +7.6
°NaFcCt -7.0 —-6.7 —-4.9 -3.3 +2.1 +3.4
SNaNF" +14.3 —28.1 0.0 —11.8 —14.3 +16.3
SNaFN* —5.6 —-8.1 —6.6 =51 -1.1 +3.0
2NaOF" —5.2 —8.5 —-13.1 -1.9 -7.9 +6.6
2Na(FO) bent —12.7 -0.9 -16.6 +1.5 -3.9 +2.4
2NaFO" —7.6 —6.0 —12.2 —-29 —4.6 +3.1
NaFF" —8.3 —5.4 —34.8 0.0 —26.5 +5.4
T-Na(R)* —-8.1 —5.6 —34.0 —0.8 —25.9 +4.8
NaFNa +7.1 +8.2
2NaFMg+ +9.4 +1.5
NaFAI* +3.7 +9.4
2NaSiF" +7.9 +5.1
2NaFSi +6.1 +6.8
NaPF —-11.0 +22.3
SNaFP" +4.8 +6.5
°Na(FS) bent +3.0 +5.7
°NaFs +2.9 +5.9
Na(FCI)" bent +2.2 -8.2
NaFCI* +1.6 —7.6
NaNe" —-11.0 —2.6 -1.6 +1.7 +9.4 +4.3
MD#? +2.3 —16.0 -0.7 —10.2 +0.1 +5.6
MAD® 14.2 16.0 16.2 10.8 7.1 6.7
MD (adj)? -5.6 -8.1 —44 -3.2 +2.1 +5.6
MAD (adj)>° 8.2 8.1 6.2 4.0 5.6 6.8

aMean deviation of the specified parameter for the two computational procedures indicsltean absolute deviation of the specified parameter
for the two computational procedures indicateddjusted deviation. For comparisons involving G2(NCCS), the adjusted value excludes NaFBe
and NaCF. For comparisons involving G2(X-2s), NaFland T-Na(k)" have been excluded.

of formation of diatomic fluorides in Table 12, we can conclude first- and second-row hydrides and fluorides is nevertheless
that G2(thaw) is probably the most accurate technique to employ consistent with the expectation that the Neand bond is
in cases where problems of core/valence orbital overlap or largely electrostatic in all of these species. The electrostatic
mixing prevent the satisfactory execution of standard G2 interaction between Naand a ligand involves both an ion/
calculations. The G2(thaw) method is certainly the most robust dipole component (dependent upon the dipole momenaf
of the three different correlation strategies investigated here (bythe ligand) and an ion/induced dipole component (which
which we mean that shortcomings are evident in G2(NCCS), if depends upon the ligand’s polarizability). For the hydrides,
Na/F orbital mixing is severe; or in G2(F-2s), if the NaFX the first-row compounds N§l H,O, and HF possess substan-
ion contains an essentially purely covalentXbond, as does tially greater dipole moments (1.47, 1.85, and 1.82 D, respec-
F2). It is rather unfortunate that G2(thaw) is also the most tively) than do their second-row counterparts (0.58, 0 97, and
computationally intensive method. However, as a result of our 1.08 D for PH, H.S, and HCI), ensuring that the ion/dipole
comparisons between different thawed methods, we can alsocomponent of the electrostatic attraction with™Na larger for
suggest that G2(MP2(thaw/MP2)) is a good substitute for G2- the first-row species than for the second-row counterparts.
(thaw) when an inexpensive method is especially desired. Comparison with calculated dipole moments for the diatomic
I. Structural and Bonding Trends Evident in Na(FX)*. fluorides reveals that the second-row fluorides possess signifi-
Having assessed the various computational techniques, we areantly larger dipole moments than the first-row fluorides (for
now finally in a position to discuss the chemical aspects of example, at the MP2(full)/6-31G* level of theory, PF, SF, and
NaFX" structure, bonding, and isomerism revealed by these CIF haveu = 1.449, 1.507, and 1.328 D, respectively; the
calculations. We will base this discussion upon the G2(thaw) corresponding values for NF, OF, angdfeu = 0.340, 0.345,
values contained in Table 10. and 0.0 D). This argument is somewhat simplistic, neglecting
There are several trends visible in the fluoride SCA values. as it does the effect of ligand polarizability upon the electrostatic
Firstly, it is apparent that the SCA(FX) value is uniformly interaction; however, it does seem to satisfactorily account for
higher, by at least 20 kJ n1dl, for second-row fluorides than  the observation that, in contrast to the hydrides, the second-
for the corresponding first-row fluorides. This is in direct row fluorides are seen to have larger sodium cation affinities
contrast to the observati&?334that the calculated sodium than are the first-row fluorides.
cation affinities of simple hydrides are uniformly higher for the A second trend is that there is a consistent decrease in SCA
first-row hydrides (NH, H,O, HF) than for their second-row  for FX in a progression of the atom X from group | to group
counterparts (Pk H.S, HCI); the trend in hydride SCAs is  VII; this trend is broken only for OF F, (perhaps reflecting
matched by a similar trend in lithium cation affinities of the existence of a bridged structure for Na(FER)ut not for
hydrides33-38 The qualitative difference in bonding trends for Na(FO)"). Again, this appears to be largely a result of the trend
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in ligand dipole moments; the greatest degree of charge can feature a reversal of the energies of some core and valence
separation is apparent in the metallic fluorides LiF, NaF, and orbitals, such that the molecular orbitals most closely related
MgF, and it is reasonable to expect that the SCA(FX) values to the atomic sodium 2p orbitals lie higher in energy than the
for these species will be appreciably higher than the SCAs of orbitals featuring the greatest amount of F or Ne 2s character.
covalent fluorides such as OF,,Fand CIF. This phenomenon effectively prevents the calculation of mean-
Thirdly, the results in Table 10 verify that the only diatomic ingful enthalpies of formation using a frozen-core technique such
fluorides FX possessing a higher SCA at the X atom than at as the G2 procedure, and alternative strategies must be
fluorine are BF, CF, and NF. A preference forNattachment implemented to treat such compounds appropriately. Of several
at any atom other than fluorine is somewhat counterintuitive, strategies employed in the present work to obtain corrected G2-
since F is the most electronegative atom and might thereforelike total energies, enthalpies of formation, and sodium cation
be expected to exhibit the strongest electrostatic interaction with affinities, we have found that the most successful approach is
Na". We surmise that the bonding in NaXEX = B, C, N) is to expand the correlation space to include all sodium 2s and 2p
partially covalent; these X atoms are clearly not valence-satisfied orbitals as well as the normal valence orbitals of other elements
in neutral FX, and association with Namay assist toward  (and some core orbitals of the other electropositive atoms Li,
satisfaction of their valence requirements. Be, Mg, and Al) in a G2(thaw) calculation. While such an
With further reference to the preferred orientation of FX approach can be computationally intensive, other, less expensive
relative to Nd, it is notable that bent forms are virtually absent techniques such as G2(MP2(thaw/MP2)) also appear to yield
from the second-row fluoride adducts Na(FX)and that for good results, while (somewhat surprisingly) excluding the F or
these species also the NaXBtructure is uniformly disfavored  Ne 2s orbital from the correlation space is also often quite
relative to the NaFX geometry. This can be accounted for on successful. Difficulties in defining an appropriate correlation
the basis of the much larger atomic radius of second-row atomsspace are expected to be much more commonplace in com-
than of their first-row analogues. For example, the optimum pounds containing third-row or larger atoms than in compounds
Na—SiF distance (in the transition state for SiF rotation relative comprising only first- and second-row atoms.
to Na) is about 0.9 A greater than the optimum™&FSi dis-
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FC) is only 0.24 A; the large Nla-SiF separation ensures that Duke (Brian Salter-Duke), and Eric Magnusson for valuable
the electrostatic interaction between the metal ion and the liganddiscussions. The technical expertise of Tony Scott is also
is comparatively weak. Furthermore, the comparatively high gratefully acknowledged.
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