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Ab Initio Gas-Phase Acidities of NaH, MgH,, and AlH3

Robert J. Hinde*
Department of Chemistry, Usrsity of Tennessee, Knale, Tennessee 37996-1600
Receied: Nawember 22, 1999; In Final Form: April 7, 2000

We present ab initio estimates of the gas-phase acidititgiq of the second-row metal hydrides NaH, MgH

and AlHs;. Our estimates are based on frozen-core CCSD(T) calculations using augmented triple- and
quadrupleg correlation-consistent basis sets that include core polarization functions; these single-point
calculations are extrapolated to the complete basis set limit and then adjusted to incorporatalenee
correlation effects, vibrational zero-point energy contributions, and thermal corrections. TheHigalvalues

we obtain afT = 298 K are 345.26 kcal/mol for NaH, 363.83 kcal/mol for Mgtand 372.93 kcal/mol for

AlH3; the estimated uncertainty in these values®8 kcal/mol. Our results suggest that the current \iST
JANAF recommended bond dissociation energy for NaH is too high by roughly 2 kcal/mol.

Introduction and EA(XH,-1) is the electron affinity of XH-;. Experimental
n\{alues for the quantities BDEHXH,-1) and EA(XH,-1) are
available for X= 0, F, Na, S, and Cl (see Table 1); from these
data we can define a set of “benchmark” first- and second-row

related ab initio calculations. These advances, coupled with '[heAE.aCid values against which our ab initio techniques can be
development of extrapolation scher¢ié8 that provide estimates calibrated.
of the complete basis set limit of correlated ab initio calculations, ~However, AEqg for reaction 1 afT = 0 K is not directly
have made it possible to compute, in a purely ab initio manner, accessible from ab initio calculations; instead, these calculations
highly accurate thermodynamic properties for small molecules give AEeq = E(XH,_;) — E(XHy), where E(M) is the total
composed of first- and second-row atoms. Computations of this energy of species M at its equilibrium geometry. If we define
type are important in a variety of applications. For example, Z(M) to be the vibrational zero-point energy of species M, then
we may want to estimate the thermodynamic properties of AEeq = AEacia + Z(XHn) — Z(XH,_,). Accurate zero-point
proposed energy-rich propellants or explosives before synthesiz-energies for the diatomic species HF, NaH, and HCI are
ing them in the laboratory. Computational thermochemistry can available from spectroscopic measurements; these are listed in
also give us insight into the energetics of transition states and Table 2. We estimated the vibrational zero-point energies for
reactive intermediates that may be difficult to isolate experi- H,O, SH", and HS as the sum of the zero-point energies of
mentally. the molecules’ vibrational modes; these are in turn obtained
In this work, we present ab initio estimates of the gas-phase from the experimental = 0 — 1 andv = 0 — 2 transition
aciditiesAHacig Of the second-row metal hydrides NaH, MgH  energies under the assumption that each vibrational mode
and AlHz. The paper is organized as follows. In the Compu- behaves like a Morse oscillator. The vibrational zero-point
tational Methods section we describe our ab initio methods in energy for OHF was estimated in a similar fashion from tig
detail and calibrate them against experimental results. The andwex. values given in ref 19.
Results section summarizes our calculations and reports ab initio - compining the experimental data in Table 1 with the zero-
AHacid.vaIue.s for NaH, MgH, and A“.‘b. We then COﬂC|l_Jde in point energies listed in Table 2, we obtain the “experimental”
the Discussion section by comparing our results with those AEqq exprvalues listed in the first row of Table 3; these are the
obtained by using computationally less-demanding methods andiagets  against which we calibrate our ab initio techniques.
by discussing the current status of NaH thermochemistry.  gecause all of our ab initio calculations are performed within
the Born-Oppenheimer approximation, we set IE(H) 0.5
hartree to obtain the values listed in Table 3. (We use the energy
We begin by compiling a body of experimental data that we conversion factofd 1 eV = 0.036749 hartree= 23.0495 kcal/
can use to test our ab initio protocol for computing gas-phase mol = 8065.54 cm! throughout this paper.)

Considerable progress has recently been made in the treatme
of electron correlation in molecule$and in the creation of
systematic sequences of atomic basis3setfor highly cor-

Computational Methods

acidities. The energy changdE.q at T = 0 K for the We begin our calibration with estimates of the total energies
deprotonation reaction E of XH, and XH,_, for X = O, F, Na, S, and Cl, obtained by

extrapolating a series of frozen-core ab initio energy calculations

XH,—XH,_, + H* Q) to the complete basis set (CBS) limit and then correcting for

core-valence correlation effects. Specifically, we compute the

iS AEacia = BDE(H—XHp-1) + IE(H) — EA(XHn-1) where electronic energy of XK and XH,_; at their respective
BDE(H—XHy-1) is the H-XH,-1 bond dissociation energy at ~ €quilibrium geometries, correlating only valence electrons by

T = 0K, IE(H) is the ionization energy of the hydrogen atom, using the coupled cluster singles-and-doubles méthuith
noniterative inclusion of connected triplésr CCSD(T). We

*To whom correspondence should be addressed. E-mail: rhinde@utk.edu.use the aug-cc-pVxZ (= D, T, Q) series of basis sets for
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TABLE 1: Experimental H —XH,_; Bond Dissociation additional d function is denoted aug-cc-pVVkZ. The exponents
Energies (in kcal/mol) and XH,-; Electron Affinities (in eV)® of the tight d functions used in this work were obtained by
XH, BDE (H—XHp-1) ref EA (XHn-1) ref minimizing the Hartree Fock aug-cc-pVTZA1 energies of
H,0 118.0 11 18277 14 NaH, H:S, and HCI at their equilibrium geometries; the resulting
HF 135.20 12 3.40119 15 exponents ara = 0.81 for Na,a = 3.53 for S, andx = 4.51
NaH 43.8 13 0.54793 16 for Cl. (Note that we have used these tight d functions only in
H2S 89.0 11 2.317 17 our frozen-core coupled cluster calculations.)
HCI 102.2 11 3.6136 18 When this work was begun, no aug-cc-pVxZ basis sets had
2Unless otherwise indicated, estimated uncertainties de8eor been developed for Na; we therefore constructed ad hoc aug-
smaller in the last significant figuré&.Uncertainty is+1.5 kcal/mol. cc-pVxZ Na basis sets by adding to the cc-pVxZ basis sets one
TABLE 2: Vibrational Zero-Point Energies Z(M) (in diffuse functior_1 of each symmetry, with an e>_<ponan# a”_“”/
kcal/mol) 3.5 whereomin is the exponent of the most _d|ffuse function of
that symmetry in the original cc-pVxZ basis set.
M Z(M ref
OH~ 5.28 19 Results
H,0 13.11 20
HF 5.86 12 We now use the same ab initio protocol to calculatey
NaH 1.66 13 for the deprotonation of Mgiland AlHs. Experimental equi-
EHS 36-73‘(1) 222 librium geometries for these two molecules and their conjugate
Hi:l 4.'24 23 bases are not known; consequently, our ab initio calculations
employ B3LYP/aug-cc-pVTZ equilibrium geometries, which are
hydroge’ and for first-row atom&and the aug-cc-pVxZ1 listed in Table 5. To assess the error introduced by using these

series of basis sets described below for second-row at8ts. ~approximate equilibrium geometries, we decided to calculate
We then extrapolate these energies to the frozen-core CCSD-AEeq for the other second-row hydrides by using B3LYP/aug-
(T) CBS limit by fitting the triple- and quadruplg-CCSD(T) cc-pVTZ geometries, which are also listed in Table 5. The

energies to the equation proposed by Matin: B3LYP30:31equilibrium geometries presented in this table were
computed by using Gaussian ¥Note: A programming error
E(S) = Eggs — A(S+ ;|_/2)‘4 ) in Gaussian 94, Revision C.2, forced us to delete the most

diffuse primitive from the contracted Na 1s orbital in the aug-

wheres = 3 for the aug-cc-pVTZ (or aug-cc-pVFZL) basis cc-pVTZ basis set when performing these calculations.]
set ands = 4 for the aug-cc-pVQZ (or aug-cc-pVQ@ZL) basis Tables 6 and 7 summarize our CCSD(T) results. For these
set. The energ¥cgs is our estimate of the complete basis set calculations, we used ad hoc augmented Mg basis sets analogous
CCSD(T) energy when only valence electrons are correlated; to those defined previously for Na. We also computed the
the fitting parameteA indicates the speed with which the aug- exponents of the additional tight d functions used in the Mg
cc-pVxZ energies converge t&cgs The results of these  and Al aug-cc-pVx2-1 basis sets by minimizing the Hartree
calculations are listed in Tables 3 and 4. All of the CCSD(T) Fock aug-cc-pVTZA1 energy of MgH and AlHs at their
calculations presented in this paper were performed by usingrespective B3LYP/aug-cc-pVTZ geometries; these tight d
ACES 1127 exponents are. = 0.99 for Mg anda = 1.34 for Al

We then add tdEcgs the core-valence correlation energy Note that theAEgq values listed in Table 6 for NaH, 49,
for each molecule, defined as the difference between the CCSD-and HCI are within 0.05 kcal/mol of the values given in Table
(T)/aug-cc-pCVTZ energy obtained by correlating all electrons 3. This indicates that the use of B3LYP/aug-cc-pVTZ geometries
and the CCSD(T)/aug-cc-pCVTZ energy obtained by correlating does not introduce significant error into our calculatiod\.q
only valence electrons. The aug-cc-pCVTZ basis sets we use The gas-phase aciditHacig of XH, is defined asAH for
are those derived from the aug-cc-pVTZ basis sets following reaction 1 afl = 298 K. To convert the ab initidAEcq values
the prescription of Martin and Tayl@f. Tables 3 and 4 give listed in Table 6 to ab initio gas-phase acidities, we first account
the results of these cotevalence calculations and our final  for the change in vibrational zero-point energy upon deproto-
estimatesE (including core-valence correlation) of the total  nation, thereby convertingEeq to AEaiq for reaction 1 afl =
energy of each molecule at its equilibrium geometry. Table 3 0 K. We then evaluate the thermal contributionA&,.iq that
also gives our ab initio estimates &g, for reaction 1, obtained  arises from heating reactants and producf+40298 K. Finally,

from the estimated total energi&sof the species XK and we assume ideal gas behavior in reaction 1 and\$&fi(T)
XHpg- = AEadT) + RT.
The ab initio AEgq values in Table 3 agree very well with To account for the change in zero-point energy in reaction 1

the experimentally derived results, which indicates that our ab we assume that the vibrational zero-point enerdglesf the
initio protocol is reliable. The largest deviation between our species in Table 5 are given by 0.99 times the harmonic zero-
computed AEeq and experiment is 0.95 kcal/mol for the point energies computed by using the B3LYP/aug-cc-pVTZ
deprotonation of EfS; our ab initioAEeq values for the other  frequencies listed in that table. The factor of 0.99 was chosen
four molecules agree with experiment to better than 0.5 kcal/ to give the best agreement with the zero-point energies listed
mol. The case of b5 is somewhat anomalous because the in Table 2 and accounts for the slight vibrational anharmonicity
H—SH BDE is uncertain byt-1.5 kcal/mol (see Table 1). of the underlying potential surfaces. (The maximum deviation
Martin and Uza®® showed that the properties of molecules between our computed zero-point energies and those listed in
with second-row atoms approach the CBS limit much faster if Table 2 is 0.1 kcal/mol.) Pople et #l.recommended that
a tight d Gaussian function is added to the conventional aug- accurate zero-point energies be obtained by scaling MP2/6-31G-
cc-pVxZ basis set. This tight d function accounts for the (d,p) harmonic zero-point energies by the factor 0.9646. Our
polarization of core orbitals in molecular environments; the basis scaling factor is slightly higher because we begin with B3LYP/
set consisting of the original aug-cc-pVxZ basis set plus the aug-cc-pVTZ harmonic frequencies, and the agreement with
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TABLE 3: “Experimental” AEgqex Values, Equilibrium Geometries (with Literature References), Hartree-Fock EnergiesEr,
Frozen-Core CCSD(T) EnergiesEcc, Core—Valence Energies, Estimated CBS EnergieB (Which Include Core—Valence
Correlation), and Ab Initio AEeq Values for H,O, HF, NaH, H.S, and HCF

H,O HF NaH HS HCI
AEeq expt 397.27 376.23 346.39 354.72 336.72
leq(A) 0.9578 0.9170 1.8870 1.3366 1.2746
Oeq (deg) 104.54 92.23
ref 20 26 13 22
Enr
aug-cc-pvDZ 76.041395 100.033466 162.385736 398.701500 460.094267
aug-cc-pVTZ 76.060575 100.061069 162.391716 398.715957 460.108660
aug-cc-pvVQZz 76.065960 100.068559 162.392888 398.719290 460.112011
ECC
aug-cc-pvDZ 76.273760 100.263586 162.420631 398.886064 460.277243
aug-cc-pvVTZ 76.342298 100.349559 162.428947 398.943525 460.345632
aug-cc-pvQZz 76.363585 100.377384 162.430578 398.958828 460.365685
CBS limit 76.375871 100.393444 162.431519 398.967660 460.377259
CCSD(T)/aug-cc-pCVTZ energies
frozen-core 76.351657 100.362945 162.429591 398.947901 460.350808
all-electron 76.410856 100.424863 162.747184 399.311923 460.700870
E 76.435070 100.455362 162.749112 399.331682 460.727321
AEgq 397.42 376.65 346.08 355.66 336.56

aAll total energies are given in hartrees with minus signs omit®H;q and AEeqexp:@re given in kcal/mol. Thésye and frozen-coreEcc
calculations use aug-cc-pV®Z basis sets for Na, S, and Cl atoms.

TABLE 4: Equilibrium Geometries, Hartree —Fock EnergiesEg, Frozen-Core CCSD(T) EnergiesEcc, Core—Valence
Energies, and Estimated CBS Energieg (Which Include Core—Valence Correlation) for OH~, F~, Na-, SH™, and CI2

OH~ F Na~ SH™ Cl-
req(A) 0.9642 1.3433
Enr
aug-cc-pvDZ 75.395879 99.428282 161.848874 398.135266 459.563645
aug-cc-pVTZ 75.412165 99.450807 161.853936 398.146256 459.573481
aug-cc-pvQz 75.416949 99.457462 161.854882 398.149180 459.576353
ECC
aug-cc-pvDZ 75.643810 99.668634 161.872325 398.319670 459.741914
aug-cc-pVvTZ 75.709414 99.749538 161.877972 398.375265 459.806513
aug-cc-pvVQZz 75.730335 99.777073 161.878692 398.391454 459.828268
CBS limit 75.742410 99.792965 161.879108 398.400798 459.840824
CCSD(T)/aug-cc-pCVTZ energies
frozen-core 75.718826 99.763310 161.878157 398.379300 459.811551
all-electron 75.777754 99.825104 162.196288 398.743052 460.161362
E 75.801338 99.854759 162.197239 398.764550 460.190635

a All energies are given in hartrees with minus signs omitted. Eleand frozen-coréecc calculations use aug-cc-pVxZL basis sets for Na,

S, and Cl atoms? Reference 19 Reference 21.

TABLE 5: Equilibrium Geometries, Total Energies E (with Minus Signs Omitted), and Harmonic Vibrational Frequencies
Calculated at the B3LYP/aug-cc-pVTZ Level for NaH, MgH,, MgH~, AlH 3, AlH,~, H,S, SH", and HCI#

molecule Feq(R) Oeq (deg) E (hartrees) vibrational frequencies (ch
NaH 1.8833 162.871390 1180)(

MgH; 1.7012 180.0 201.269974 448)( 1611 @), 1636 ()

AlH 3 1.5815 120.0 244.233607 712/(), 788 €), 1927 &), 1936 €)
H,S 1.3446 92.57 399.432270 12GQ)( 2684 @), 2697 )

HCI 1.2833 460.844267 2948

MgH~ 1.8737 200.683919 1094)

AlH,~ 1.6928 95.04 243.632224 798)), 1463 6y), 1464 b,)

SH- 1.3494 398.867125 2626)

a Symmetries of vibrational modes are listed in parentheses.

experimental zero-point energies obtained here is substantially372.93 kcal/mol for AlH. The main sources of error in these

better than that obtained in ref 34. estimates are (1) errors in our calculation of vibrational zero-
To compute the thermal contribution XE,cgat T = 298 K, point energies and (2) errors in our extrapolation to the CBS

we treat the rotational and translational degrees of freedomlimit. We estimate the uncertainty in our zero-point energy

classically and assume that the vibrational modes are harmonicdifferences to bet0.3 kcal/mol or smaller on the basis of the

oscillators with the frequencies given in Table 5. results obtained for species whose zero-point energies are known
Our final ab initio gas-phase aciditiésHaciq at T = 298 K experimentally. We estimate our extrapolation error taH9e5

are 345.26 kcal/mol for NaH, 363.83 kcal/mol for Mgkand kcal/mol or smaller on the basis of the very good agreement
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TABLE 6: Hartree —Fock EnergiesEnr, Frozen-Core CCSD(T) energie€cc, Core—Valence Energies, Estimated CBS Energies
E (Which Include Core—Valence Correlation), and AEeq Values for NaH, MgH,, AlH3, H,S, and HCI at the B3LYP Geometries
Given in Table 5

NaH MgH, AlH3 H,S HCI
Enr
aug-cc-pvDZ 162.385715 200.730127 243.636558 398.701454 460.094208
aug-cc-pVvTZ 162.391927 200.738617 243.646238 398.715768 460.108506
aug-cc-pvVQZz 162.392867 200.740032 243.648902 398.719093 460.111852
Ecc
aug-cc-pvVDZ 162.420606 200.798735 243.743859 398.886235 460.277344
aug-cc-pVvTZ 162.429154 200.813588 243.766816 398.943496 460.345605
aug-cc-pvVQZz 162.430553 200.816362 243.772943 398.958792 460.365658
CBS limit 162.431360 200.817963 243.776749 398.967620 460.377232
CCSD(T)/aug-cc-pCVTZ energies
frozen-core 162.429567 200.814249 243.768453 398.947845 460.350769
all-electron 162.747180 201.153346 244.104466 399.311836 460.700816
E 162.748973 201.157063 244112492 399.331611 460.727279
AEgq 346.06 366.97 377.74 355.68 336.59

aAll total energies are given in hartrees with minus signs omitteBsq is given in kcal/mol. TheEyr and frozen-coréecc calculations use
aug-cc-pVx24+-1 basis sets for all non-hydrogen atoms.

TABLE 7: Hartree —Fock EnergiesEnr, Frozen-Core CCSD(T) EnergiesEcc, Core—Valence Energies, and Estimated CBS
EnergiesE (Which Include Core—Valence Correlation) for MgH—, AlH,~, and SH™ at the B3LYP Geometries Given in Table 3

MgH~ AlH,~ SH-
Enr
aug-cc-pvDZ 200.148590 243.029624 398.135240
aug-cc-pVvTZ 200.155554 243.037875 398.146179
aug-cc-pvVQZz 200.156722 243.040032 398.149098
Ecc
aug-cc-pvVDzZ 200.217984 243.144997 398.319745
aug-cc-pVvTZ 200.229179 243.165696 398.375265
aug-cc-pvQz 200.231227 243.170865 398.391450
CBS limit 200.232409 243.173848 398.400791
CCSD(T)/aug-cc-pCVTZ energies
frozen-core 200.229612 243.166839 398.379290
all-electron 200.569103 243.503141 398.743030
E 200.571900 243.510150 398.764531

a All energies are given in hartrees with minus signs omitted. Efgeand frozen-coréecc calculations use aug-cc-pVxZL basis sets for all
non-hydrogen atoms.

between the ab initio and experimental values given in Table 3 wheres = 2 for the cc-pVDZ basis set argl= 3 for the cc-
(excluding the case of #$ for the reason discussed earlier). A pVTZ basis set. Truhlar found that for a CCSD(T) treatment of
conservative estimate of the uncertainty in dittacig values is electron correlation, the optimal extrapolation exponghtsr

therefore+0.8 kcal/mol. these three first-row species were 3.4 for the Hartféeck
energy and 2.4 for the correlation energy.
Discussion Table 8 lists theAEeq values obtained by applying this

) o extrapolation scheme to our frozen-core aug-cc-pY&£&ner-

The estimated gas-phase acidities presented here are basegles and compares them with the frozen-core CBS estimates
on moderately demanding ab initio calculations, including optained by using eq 2. The two sets/®E, values agree to
CCSD(T)/aug-cc-pVQZ1 single-point calculations. Although  ithin 0.6 kcal/mol, which indicates that Truhlar’s extrapolation
these calculations are feasible for the species studied here, whichycheme may provide inexpensive but accurate estimates for heats

each have high point group symmetry and only one non- of reaction for species involving both first- and second-row
hydrogen atom, itis of interest to compare our results with those 5toms.

obtained by using less-expensive extrapolation sch&rbased
on double- and triplé- calculations or using less-expensive
guantum chemstry methods such as density functional theoryBBLYP/aug-cc-pVTZ energy of Na (E = —162.318369

and Gaus.3|an-2 (G2) thgo??. hartree) we obtaim\Eeq values of 346.86 kcal/mol for NaH,
Alternative Extrapolation Schemes.Truhlaf® has demon- 367.58 kcal/mol for Mghi, and 377.20 kcal/mol for Alll These

strated that for KO, HF, and Ne, the CBS limit for a given  \51es agree with our CBS estimates to within 0.8 kcal/mol,
level of electron correlation can be estimated inexpensively from \nich suggests that B3LYP calculations may also provide

cc-pVDZ and ce-pVTZ calculations separatelyextrapolating  yea50nably accurate acidities at low computational cost.
the Hartree-Fock energy and the (frozen-core) correlation
In Table 8 we also compare our frozen-core CBSq values

energy to their respective CBS limits by using the equation for NaH, Mghb, and AlHs with those calculated by using several
> variants of G2 theory. (We performed all of our G2-style
E(s) = Ecgs — As 3) calculations by using Gaussian $ye removed the zero-point

Density Functional Theory and G2 Theory. From the
B3LYP/aug-cc-pVTZ energies listed in Table 5, along with the
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TABLE 8: Estimated AEcq Values from This Work (Omitting Core —Valence Correlation Effects) for NaH, MgH,, and AlH3
Compared with AE¢q Values Computed Using the Extrapolation Scheme of Eq 3 and Using Several Variants of Gaussian-2
Theory?

method NaH MgH AlH 3

this work 346.38 367.28 377.98
eq3 346.62 367.68 377.65
G2 344.59 366.08 377.53
QCISD(T)/6-311G(3df,2p)//IMP2(full)/6-31G(d,p) 344.89 366.19 377.19
QCISD(T)/6-311(DD)G(3df,2p)//MP2(full)/6-31G(d,p) 344.90 366.14 377.04
QCISD(T)/6-311-+G(3df,2p)//IMP2(full)/6-31G(d,p) 344.90 366.09 377.12
QCISD(T)/6-311+G(3df,2p)//B3LYP/aug-cc-pVTZ 344.84 366.05 377.11

a All values are given in kcal/mol.

energy correction term to obtaiiEcq values.) Note that the Finally, we investigated whether the discrepancy between our
AEcqVvalues obtained for NaH and MgHby using the original CBS estimates and G2 theory might arise from the use of MP2-
G2 protoco?® are somewhat below our estimated CBS limits. (full)/6-31G(d,p) equilibrium geometries in the G2-style calcula-
For MgH,, the G2AEgqis 1.2 kcal/mol smaller than our CBS  tions. We calculated QCISD(T)/6-3%+HG(3df,2p) values for
estimate; for NaH, the G2 value is 1.8 kcal/mol smaller than AEeqfor NaH, MgH,, and Al by using the B3LYP geometries
our CBS estimate. By comparison, the G2 and CBS values of listed in Table 5 instead of the MP2(full)/6-31G(d,p) geometries.
AEcqfor AlH 3 agree to better than 0.5 kcal/mol. Our observation As Table 8 shows, this also made very little difference in the
of a relatively large deviation between the G2 and CBS values computedAEgq values.

for AEeq for NaH and the systematic improvement in the G2 It therefore seems that the discrepancies between our CBS
results on going from NaH to MgHto AlH3z prompted us to and G2 NaH and Mgkl AE.q values originate in basis set
investigate the origin of this deviation. deficiencies at the 6-3#1G(3df,2p) level that cannot be

G2 theory attempts to approximate QCISD(T)/6-3T(3df - remedied simply by the addition of further diffuse orbitals on
2p)/IMP2(full)/6-31G(d,p) energies by using a sequence of less- €ither hydrogen or non-hydrogen atoms. We suspect that these
expensive ab initio calculations. Previous studies of G2 ener- deficiencies stem from an inadequate complement of high
gies®36 have found that the additivity assumptions inherent in angular momentum functions on hydrogen, which is an electron-

G2 theory can break down for small anions, thereby leading to rich center in NaH and, to a lesser extent, in MgAn accurate
inaccurate G2 predictions for deprotonation energies. To treatment of thengularcorrelation of the valence electrons in

investigate this possibility, we calculatédEe for NaH, Mg, these molecules requires a reasonably large set of high angular

and AlH, at the QCISD(T)/6-312G(3df,2p)/MP2(fully/6- ~ momentum f“.”cifior;f. Cegterﬁd on hydrogen; ‘bhes.e are p{)""ided
31+G(d,p) level, avoiding any use of these additivity assump- |nba sysftematllqc asfion {hf € agg-gc-pVxZ (;as_ls setsh ut are
tions. The results, shown in Table 8, indicate that the additivity a ;ent romt §6-3¥El(;(3 '|2p) a:s;egur?e '? Gth ?o.ry.
assumptions of G2 theory are justified for these molecules and n exanxnanon of the va ueszo tamg ere for tfe |ttk|]r_19
are therefore not the source of the discrepancies observed herﬁcﬁ)aramete_r appearing in €q provides support for this
. ypothesis. Recall thak measures the speed with which our
Other studie¥ 38have shown that the neglect of cenealence

. . . calculated ab initio energies approach the CBS limit. A direct
correlation effects in stan_dard GZ theory can lead to 'naccu_ratecomparison of thé\ values obtained for different molecules is
results for compounds including alkali metals a}nd .alkallne not very illuminating, primarily because the magnitudes of
earths. quevgr, thg cotevalence c_orrelatlon contributions to molecular energies vary strongly with the total number of
AEeq obtained in this work are quite small (0.35 kcal/mol or

: Hch bt th ol ho ¢ ol electrons. We therefore compare tratios of the A values
ess), which suggests that the default G2 choice of core orbitals . for XH and XH, ,, defined r(X) = A(XH.)/

IS adequage for the metal h_ydrldes considered here. . A(XH,_,). A large value forr(X) indicates that the energy of
Gronert® showed that adding a second set of diffuse functions x s much more sensitive to basis set extension than is the

to non-hydrogen atoms improved G2-style predictions for the energy of XH, ;.
acidities of first- and second-row nonmetal hydrides; additional .o vaIueglwe obtain are 1.18, 1.35, and 1.94 for Al, Mg

diffuse functions are knowfrto be required for highly accurate 5, Na, respectively. This indicates that the ab initio energy of

ab initio calculations of anions. We therefore compuleie NaH is especially sensitive to the quality of the underlying basis
for reaction 1 at the QCISD(T)/6-311(DD)G(3df,2p)//MP2(full)/  get This sensitivity seems to arise from the considerable negative

6-31G(d,p) level, where (DD) indicates that non-hydrogen atoms partial charge acquired by hydrogen in NaH because tatues
carry a double set of diffuse s and p Gaussian functions. (The oy E and CI are much smaller at 1.01 and 0.92, respectively.
first set of diffuse functions was obtained from the 6-3Q- NaH Thermochemistry. We conclude with a brief discussion
(3df,2p) basis set; the second set of diffuse functions was f the current status of NaH thermochemistry. The experimental
assigned an exponent 1/3.5 times that of the first set.) Thesegas-phase acidity of NaH derived from data in the most recent
AEeqvalues do not differ significantly from the values computed N |ST—JANAFE compilation® is AHagq = 348.13+ 4.63 kcal/
by using a single set of diffuse functions on non-hydrogen mo|, The very large uncertainty in this value arises from a
atoms. corresponding uncertainty in tie= 0 K BDE of NaH, which
Because Na and Mg are highly electropositive, we suspectedref 11 cites as 2.05- 0.2 eV, or 47.25- 4.61 kcal/mol. This
that the discrepancy between our estimated CBS acidities andBDE value is a 1947 estimdfebased on a modified Birge
the G2 acidities might arise from the omission of diffuse orbitals Sponef! analysis of the &< v < 8 vibrational levels of NaH.
on hydrogen atoms in the standard G2 basis sets. We thereforeA more recent estimatéof the NaH BDE, based on the v
recalculated\Eqq at the QCISD(T)/6-311+G(3df,2p)//MP2- < 11 vibrational levels of NaH, is 45.4% 0.29 kcal/mol.
(full)/6-31G(d,p) level; as Table 8 shows, inclusion of a diffuse ~ To obtain an ab initio estimate of the BDE of NaH, we
s orbital on hydrogen changésEqq very little. extrapolated single-point CCSD(T) calculations for NaH, Na,
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and H to the CBS limit by using eq 2. These calculations were

performed by using Martin Taylor-styl€® aug-cc-pCVTZ and

aug-cc-pCVQZ basis sets and correlating all electrons; NaH was

held fixed at its equilibrium bond length given in Table 3. After
subtracting the vibrational zero-point energy of NaH (Table 2)
we obtain a CBS estimate of tile= 0 K NaH BDE of 45.16

kcal/mol, in good agreement with the more recent estimate.

Hence it appears that the NISTANAF recommended BDE
for NaH is too high by roughly 2 kcal/mol.
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