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bstract

A comprehensive comparison of multiple levels of theory with experimental values for about thirty lithium cation affinities (LCAs) is conducted.
he experimental values are largely taken from threshold collision-induced dissociation (TCID) measurements augmented with equilibrium
easurements from ion cyclotron resonance experiments. Possible reasons for errors in the experimental TCID results are explored. An examination

f the theoretical results reveals that core correlation on the lithium ion(Li-C) is needed to accurately describe these complexes. Several procedures for
ssessing complete basis set (CBS) extrapolations from MP2(full)/aug-cc-pVnZ(Li-C)//MP2(full)/cc-pVDZ(Li-C), n = D, T, and Q, calculations
re completed and compared to experiment and lower levels of theory. It is found that LCAs calculated using CBS methods including core

orrelation are higher than most other methods and generally in good agreement with experimental values. Because the CBS approach requires use
f the computationally intensive aug-cc-pVQZ(Li-C) basis set, we recommend that an adequate level of theory is provided by a MP2(full)/aug-cc-
VTZ(Li-C)//MP2(full)/cc-pVDZ(Li-C) approach excluding basis set superposition errors. Given these theoretical results, discrepant experimental
alues in the literature for several lithium ion complexes are evaluated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

During the last decade, substantial progress has been made
n the measurement of alkali metal cation affinities for increas-
ngly complex molecules. These developments have been driven
y the interest in understanding fundamental aspects of such
etal ion interactions and in particular with biologically relevant
olecules. Synergistically, theoretical methods have developed

o the point of being an equal partner with experiment in
xploring trends in these binding energies, while simultane-
usly characterizing their structures. In previous work [1], we
ompared experimental results for sodium cation affinities to

number of levels of theory, finding very good agreement for

everal levels of theory of both modest and advanced compu-
ational effort. In contrast, theoretical results for lithium cation

� In memory of Sharon Lias and her many contributions to ion thermochem-
stry.
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ffinities (LCAs) are often lower than experiment by more than
he experimental error. At first glance, these results appear coun-
erintuitive because lithium is the smallest alkali metal cation.
owever, lithium cations have the highest charge density (such

hat they exhibit the shortest metal–ligand bond lengths), mak-
ng them more challenging computationally as perturbations of
he ligands are much more extensive than for the heavier alkali

etal cations. Further, the low mass of the lithium cation also
akes them more challenging experimentally. It is the purpose

f this paper to investigate both experimental and theoretical
rigins for the discrepancies in the experimental and theoretical
CAs. This analysis allows us to recommend appropriate lev-
ls of theory to achieve the most accurate results along with a
ess intensive computational approach that can provide adequate
ccuracy for larger systems or for studies where only limited
esources are available.

In the present work, we restrict our investigation to

nteractions between lithium cations and a single ligand. Exper-
mentally, such LCAs have been measured for a wide range
f ligands, ranging from very weak interactions of Ar to very
trong interactions of crown ethers. Our own guided ion beam

mailto:armentrout@chem.utah.edu
dx.doi.org/10.1016/j.ijms.2007.02.034
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ass spectrometry (GIBMS) studies provide the only absolute
eterminations of LCAs by measuring the energy threshold for
ollision-induced dissociation (CID) processes, reactions (1)
2–26].

i+(L) + Xe → Li+ + L + Xe (1)

Previously, ion cyclotron resonance (ICR) mass spectrome-
ry (MS) studies by Woodin and Beauchamp provided relative
ithium cation basicities (LCBs), the free energy equivalent of
he LCA [27]. Their work included molecules such as H2O,
H3OH, CH3OCH3, NH3, CH3NH2, and C6H6. The LCBs
ere placed on an absolute scale using a value for D(Li+-OH2)

rom Džidić and Kebarle [28], which had not been measured
ut instead had been extrapolated from measured values for
arger Li+(H2O)x complexes, x = 2–6. The most comprehen-
ive examination of LCBs comes from the classic studies of
aft and coworkers using ICR MS [29]. Originally, these were
nchored to the value for D(Li+-NH3) taken from Woodin and
eauchamp, but the relative values have been reanchored [30]
t our suggestion using a G2 [31] theoretical value for D0(Li+-
H2), chosen because it agrees with our measurement [4].
inally, Bojesen, Wesdemiotis, Gronert, and coworkers have
sed the kinetic method to examine the relative binding ener-
ies of amino acids and nucleobases [32–34]. The present work
ocuses on a limited set of molecules for which GIBMS values
xist along with several additional small molecules for which
tudies have not yet been performed. These experimental values
re augmented with relative values from Taft’s work, after using
heory to adjust the �G values to �H0.

Previous computational studies of lithium cation affinities
lso abound and are too numerous to cite comprehensively.
everal theoretical studies are notable and almost all preceded
comprehensive experimental data set for comparison. Del
ene has provided many studies of LCAs, primarily of small
olecules but including nucleobases [35]. In 1996 [36], she uti-

ized the Dunning correlation-consistent polarized split-valence
asis sets (cc-pVnZ, where n = D for double, T for triple, and Q
or quadruple zeta) [37] and augmented with diffuse functions
n atoms other than H and Li (aug’-cc-pVnZ) at the MP4 level
f theory (found to be convergent compared to CCSD(T) cal-
ulations). She found that diffuse functions lower the computed
CAs, reducing the basis set superposition error (BSSE) and
ielding satisfactory convergence at aug’-cc-pVTZ. In 1998,
emko et al. [38] used the complete basis set extrapolation
ethod (CBS-Q) developed by Petersson and coworkers [39]

o study LCAs relative to proton and Mg2+ affinities of a series
f simple molecules. Siu et al. [40] examined the G2 [31] and G3
41] Gaussian protocols for predicting Li+, Na+, and K+ binding
ffinities, recommending that geometry corrected counterpoise
alculations be adopted for the LCAs.

The binding energy of Li+ to benzene is one of the best studied
ases computationally. Nicholas et al. [42] found that MP2/6-

11 + G* results including counterpoise corrections for BSSE
ere well converged with regard to the extent of electron corre-

ation (compared with CCSD(T) calculations), yielding a LCA
f 146 kJ mol−1, but that further increases in basis set size did

d
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ncrease the LCA. In a later study [43], this latter effect was more
horoughly investigated using complete basis set (CBS) extrapo-
ations. It was concluded that the CBS limit (154 kJ mol−1) was
ound to lie closer to the raw binding energies than to values
orrected for BSSE. Core/valence and higher order correlation
ffects were estimated via CCSD(T) calculations and found to
e small. Vollmer et al. [44] calculated the LCA of benzene at
he G3(MP2) [45] level, obtaining a value of 144 kJ mol−1. The
est of these values, the CBS result, lies between the experimen-
al values of 161.1 ± 13.5 kJ mol−1 from GIBMS studies [9] and
he ICR MS results of ∼150 kJ mol−1 [27,30].

. Experimental data

The experimental data used in the evaluations of this paper
re taken largely from GIBMS CID studies conducted in our
esearch groups. This covers a very wide range of ligand
trengths, from weakly bound species (e.g., Ar and CO [6]) to
ery strongly bound bidentate (e.g., proline [24] and ethanol
mine, HOC2H4NH2 [25]) and tetradentate (12-crown-4 [3])
igands. In all cases, the thermochemistry is presented as 0 K
ond dissociation energies or enthalpies of dissociation, i.e.,
CAs. In order to augment this data set, values derived from

he ICR MS equilibrium studies of Woodin and Beauchamp [27]
nd Taft and coworkers [29,30] are also examined. However, the
CR values need to be adjusted from free energies at 298 [27] or
73 [29,30] K to 0 K, which can be done using the theoretical
esults obtained here. Difficulties with this procedure include
he proper handling of hindered rotors. Table 1 shows �G298
alues taken from Woodin and Beauchamp along with T�S298
nd (�H298 − �H0) corrections calculated using rigid rotor
nd harmonic oscillator approximations from the MP2(full)/cc-
VDZ(Li-C) level of theory (see description below). The �G373
alues from Taft and coworkers are also shown along with the
ppropriate thermal corrections, T�S373 and (�H373 − �H0),
alculated using the same approach. The thermal corrections
iven here differ appreciably in most cases from those pre-
ented by Woodin and Beauchamp who estimated the rotational
nd vibrational corrections because they did not have access to
esults specific to each complex. In the present work, uncer-
ainties in the thermal corrections are estimated from 10%
ncertainties in all vibrational frequencies and rotational con-
tants except for the three metal–ligand motions, where factors
f two uncertainties in the vibrational frequencies are used.
ecause the Taft data was recently reanchored using our value

or D0(Li+-OH2) [30], these �G373 free energies can be used
irectly, but the �G298 values from Woodin and Beauchamp
ere anchored to the Džidić and Kebarle extrapolated value for
0(Li+-OH2) [28]. Hence, these values are reanchored by min-

mizing the deviations from the results of Taft and coworkers
fter both data sets are corrected to 0 K enthalpies. In the six
ases included here from Woodin and Beauchamp, the agree-
ent with the results from Taft and coworkers is good, with
eviations less than 2.5 kJ mol−1.
In Table 1, the thermal corrections are obtained by treating

ll torsional motions as vibrations. This may not be correct,
owever, as internal rotors may be influenced dramatically
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Table 1
Experimental lithium cation affinities at 0 K in kJ mol−1a

ICRb GIBMSc KMd

�GT T�ST
e (�HT − �H0)e �H0

f �H0
f

Ar 32.8 (13.5)g

NO 59.8 (10.0)h

CO 55.0 (12.5)g

H2O 103.3 (8.4), 112.8 (14.3)i 35.4 (5.6), 28.0 (4.2) 4.3 (2.4), 4.1 (2.0) 134.4 (10.4), 136.7 (13.5) 133.1 (13.5)j

CH3OH 119.2 (8.4), 125.4 (14.3)i 35.4 (6.0), 28.2 (4.7) 2.4 (1.6), 2.4 (1.3) 152.1 (10.4), 151.2 (15.1) 155.0 (8.5)k

C6H6 112.6 (8.4), 122.8 (14.3)i 40.0 (5.8), 31.8 (4.6) 3.2 (1.6), 3.1 (1.7) 149.4 (10.3), 151.5 (15.1) 161.1 (13.5)l

CH3OCH3 123.4 (8.4), 129.5 (14.3)i 36.0 (6.3), 27.9 (5.0) 1.9 (1.3), 1.8 (1.1) 157.5 (10.6), 155.6 (15.2) 165.0 (10.6)m

NH3 126.4 (8.4), 132.9 (14.3)i 37.6 (5.3), 29.8 (3.9) 4.9 (2.5), 4.6 (2.0) 159.1 (10.3), 158.1 (15.0)
C2H5OH 127.2 (8.4) 36.6 (6.2) 2.3 (1.3) 161.5 (10.3) 163.5 (6.5)k

CH3NH2 131.0 (8.4), 137.9 (14.3)i 37.7 (5.9), 30.2 (4.5) 3.2 (1.8), 3.2 (1.5) 165.5 (10.4), 164.9 (15.1)
CH3CHO 133.0 (8.4) 35.2 (6.2) 1.9 (1.1) 166.3 (10.6)
C2H5CO2H 131.2 (8.7) 39.2 (6.2) 2.6 (0.9) 167.8 (10.7) 165.0 (6.0)n

C2H5CO2CH3 136.8 (8.4)
1-C3H7OH 131.4 (8.4) 41.1 (6.2) 3.4 (1.3) 169.1 (10.5) 170.3 (8.6)k

2-C3H7OH 135.1 (8.4) 36.9 (6.3) 2.1 (1.1) 169.9 (10.5) 172.8 (7.5)k

Pyrrole 177.4 (16.6)o

C6H5OH 120.8 (8.7) 42.1 (6.1) 3.1 (1.6) 159.8 (10.7) 178.5 (16.1)p

C6H5OCH3 126.4 (8.4)
Pyridine 146.4 (8.4) 37.7 (6.1) 2.2 (1.4) 182.0 (10.5) 181.0 (14.5)q

CH3COCH3 147.7 (8.4) 36.9 (6.3) 2.0 (0.8) 182.6 (10.5)
CH3COC2H5 150.6 (8.4) 38.6 (6.3) 2.1 (0.8) 187.2 (10.5) 190.1 (7.0)n

1-C3H7NH2 197.8 (6.0)n

Imidazole 159.4 (8.4) 38.1 (6.0) 2.4 (1.5) 195.1 (10.4) 210.8 (9.5)r

Uracil 211.5 (6.1)s 211 (12)t

Glycine 220.0 (8.0)n 213 (12)u

Adenine 226.1 (6.1)s 226 (12)t

(CH3)2NCHO 173.6 (8.4) 37.2 (6.3) 2.2 (1.2) 208.5 (10.6)
2NH2pyridine 237.8 (21.1)v

(CH3OCH2)2 187.9 (8.4) 45.0 (6.3) 3.9 (1.2) 229.0 (10.6) 241.2 (18.3)w

Proline 278.8 (9.7)x 229 (13)y

HOC2H4NH2 289.5 (9.0)n

12-crown-4 371.5 (51)w

a Uncertainties in parentheses.
b Except as noted, ion cyclotron resonance (ICR) mass spectrometry values are from Taft and coworkers [29,30]. T = 373 K.
c Guided ion beam mass spectrometry results.
d Kinetic method results.
e Thermal corrections calculated using the rigid rotor harmonic oscillator approximation with vibrational frequencies and rotational constants calculated at the

MP2(full)/cc-pVDZ(Li-C) level. Frequencies scaled by 0.9646.
f Values in bold face are used as the experimental data set for comparison to theory.
g Ref. [6].
h Ref. [26].
i ICR values from Woodin and Beauchamp [27], adjusted as described in the text. T = 298 K.
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j Ref. [4]. kRef. [5]. lRef. [9]. mRef. [2]. nRef. [25]. oRef. [13]. pRef. [16]. qR
Ref. [34].

y complexation with the lithium cation. Examination of the
otions for Li+ (alcohol) complexes indicates that the lithium

ation increases the vibrational frequencies calculated for these
otions. In an extreme limit, one can imagine that the torsions

hould be treated as a free or hindered rotor in the free ligand
nd as a vibration in the complex. To gauge how the treatment
f the torsional motions might influence the resulting LCAs,
hermal corrections for methanol and ethanol were also cal-
ulated assuming free rotors in the ligand. The T�S373 and

H373 − �H0 values are 39.3 and 2.3 kJ mol−1 for methanol

nd 46.3 and 1.8 for ethanol, such that the overall effect on con-
erting from �G373 to �H0 is an increase of 4–5 kJ mol−1 per
orsional mode. If a hindered rotor is assumed for free methanol,

p
a
o
I

1]. rRef. [7]. sRef. [8]. tRef. [33]. uRef. [32]. vRef. [12]. wRef. [3]. xRef. [24].

he values change to 32.5 and 0.8 kJ mol−1, respectively, such
hat the overall effect on converting from �G373 to �H0 is a
ecrease of about 1 kJ mol−1. These changes are likely to be
pper limits to the true effects, but indicate that systematic errors
f several kJ mol−1 per torsional mode may be introduced by the
hermal corrections.

There are twelve systems where values are available from
oth ICR and GIBMS studies. For eight of these systems
H2O, CH3OH, CH3OCH3, C2H5OH, 1-C3H7OH, 2-C3H7OH,

yridine, and CH3COC2H5,), the agreement is quite good,
s shown in Fig. 1, with a mean absolute deviation (MAD)
f 2.7 ± 2.1 kJ mol−1. Of course, this is partially because the
CR values have been put on an absolute scale essentially
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Fig. 1. Comparison of LCAs measured using threshold CID in a GIBMS and
those derived from ICR equilibrium measurements. All values are 0 K enthalpies
from Table 1. Most compounds are labeled by the ligand. The unlabeled overlap-
ping group in the middle includes CH OCH , C H CO H, and three alcohols.
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relates to the dynamics of the dissociation process. Because
3 3 2 5 2

pen symbols indicate the four values for which GIBMS and ICR results do not
gree well, benzene, phenol, imidazole, and dimethoxyethane.

sing our value for D0(Li+-H2O) [4]. Nevertheless, the agree-
ent is gratifying. For three systems, benzene, imidazole, and

imethoxyethane, (CH3OCH2)2, the discrepancies between the
IBMS and ICR values are larger, 11.7, 15.7, and 12.2 kJ mol−1,

lthough still within the combined experimental errors. Two
ther values where related compounds are available in the two
tudies are for C2H5CO2X and C6H5OX, where X = H for the
IBMS studies and X = CH3 for the ICR studies. In these two

ases, the �G373 values are approximately adjusted for the
ethyl group by subtracting 5.6 kJ mol−1, the average differ-

nce between methyl additions in the alcohols and ketones. The
djusted �H0 value obtained for C2H5CO2H agrees well with
he GIBMS value, 167.8 versus 165.0 kJ mol−1, whereas that for
henol, 159.8 kJ mol−1, is 18.7 kJ mol−1, lower than the GIBMS
alue of 178.5 kJ mol−1 [14].

A couple of additional experimental values from the litera-
ure are also included in Table 1. These are all determined from
inetic method experiments, such that they rely on having ade-
uate reference species. Bojesen et al. [32] measured the LCA
temperature unspecified) of glycine using dimethylformamide,
CH3)2NCHO, as a reference, but never mention where this ref-
rence value came from (although it appears consistent with the
H0 value derived from Burk et al. [30] in Table 1). This value

s slightly below the GIBMS value and within experimental
ncertainties. (Although Bojesen et al. do not assign an uncer-
ainty to their value, the uncertainty provided in Table 1 is taken
rom the uncertainty in the dimethylformamide reference value
nd includes a 4 kJ mol−1 uncertainty in the relative values.)
erda and Wesdemiotis [33] measured the LCAs of the nucle-
bases, including adenine and uracil, but use a reference value
or glycine taken from Bojesen et al. [32]. Hence, their cited rela-
ive uncertainties of 4 kJ mol−1 have been increased by including

he uncertainty in the reference value. These two kinetic method
alues are in very good agreement with the GIBMS values [8],
able 1. Feng et al. [34] have reported an experimental �G298

t
h
l
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alue for Li+ (Pro) of 199 ± 13 kJ mol−1 obtained via the kinetic
ethod using LCBs of dimethylformamide, methylacetamide,

nd dimethylacetamide reported by Burk et al. [34] as reference
pecies. This value is 49 ± 17 kJ mol−1 lower than our reported
G298 value of 248 ± 11 kJ mol−1.
In the remainder of this paper, the experimental data set used

or a critical evaluation of the theoretical results is provided by
he GIBMS values excluding the four cases where discrepancies
ith the ICR results are observed: benzene, phenol, imidazole,

nd (CH3OCH2)2 (although these four systems are then dis-
ussed once an appropriate level of theory is identified). Because
f the uncertainties introduced by the thermal corrections, the
IBMS values at 0 K are preferred in the eight cases where

CR values are also available. These data are then augmented
y ICR results for systems where GIBMS studies have not yet
een performed, NH3, CH3NH2, CH3CHO, (CH3)2CO, and
CH3)2NCHO. None of the kinetic method results are included
s the temperature is ill-defined and three of the four values agree
ith GIBMS values anyway. Overall, this provides a set of 26

ystems to help evaluate various theoretical approaches.

. Experimental Issues

As noted above, the difficulty that lithium cations present
xperimentally is their low mass to charge ratio, which could
otentially have several effects that could lead to lower sensitiv-
ty in CID measurements. (1) The low mass of lithium compared
o most ligands of interest means that the relative velocity of the
ithium cation fragment is higher than for heavier alkali metal
ations. These high relative velocities could mean that lithium
ations are not trapped as effectively in the octopole ion beam
uide used to collect the product ions in the collision region of
ur GIBMS instruments [46]. (2) In addition (and more likely),
hese high relative velocities may limit the transmission effi-
iency through the quadrupole mass filters used to analyze the
roducts. In actuality, neither effect should lead to shifts in the
bserved thresholds because the relative velocities of the prod-
ct ions at threshold are zero, such that the products must have a
elocity in the laboratory frame equal to the velocity of the cen-
er of mass of the reactants, which is well focused and forward
cattered, in all but the lightest Li+(L) systems. However, such
ffects may restrict the collection of Li+ products at higher col-
ision energies, thereby distorting the shape of the cross-section
uch that routine analysis of the cross-sections could lead to
hresholds higher than the thermodynamic limit. In previous
tudies, such effects have been minimized by carefully tuning
he rf voltages applied to the octopole and by reducing the mass
esolution of the quadrupole mass filter to maximize transmis-
ion without sacrificing the ability to separate Li+ and Li+(L).
uch problems have therefore been minimized in our previous
ork although this cannot be eliminated as a potential source of

xperimental difficulties.
Another possible difficulty with the lithium cation complexes
he interactions of Li+ with ligands are much stronger than the
eavier alkali metal cations, it is conceivable that our use of a
oose (phase space limit) transition state to model the dissocia-
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ig. 2. Calculated potential energy curves for the interaction of Cu+, Li+, and
a+ with H2O as a function of the metal cation–oxygen bond distance relative to

eparated M+ + H2O. The black line shows the long-range ion–dipole interaction.

ion behavior [47] is inappropriate and that a tighter transition
tate should be used. The light mass of lithium also affects the
issociation dynamics because this changes the orbital angu-
ar momentum of the dissociation products. The latter effect
hould be fully accounted for in the model developed for our
ID studies, but the choice of transition state has only been sys-

ematically evaluated for a small subset of ligands (the C1–C4
lcohols) [5]. To investigate the choice of transition state fur-
her, potential energy surfaces as a function of internuclear
istance for interaction of Li+ with several molecules (H2O,
H3, (CH3)2O, (CH3)2CO, and imidazole) were calculated

t the B3LYP/6-31G(d) level of theory. Comparable calcula-
ions were also performed for the corresponding Na+ and Cu+

ystems, where experiment and theory agree reasonably well,
ut where the metal cation affinities bracket those of Li+, i.e.,
a+ < Li+ < Cu+. In all cases, these are relaxed potential energy

urface scans that allow the ligand to change geometry as the
etal cation recedes. Results for water, which are typical of all
ve ligand systems, are shown in Fig. 2. This figure shows that

he general behavior of all three metals is identical at long range,
ith deviations only near the minimum. Also shown in Fig. 2 is

he point charge — dipole potential, V = −μer−2, where μ is the
ipole moment, e is the charge on the electron, and r is the metal
ation–oxygen bond distance. It can be seen that the potential
nergy surfaces at long range all parallel this simple potential,
s might be expected. Again, parallel behavior is obtained for
ll five ligands examined here. As our phase space model for
he loose transition state uses such potentials as the basis for
ocation of the transition state, the calculated potential energy
urfaces suggest that our choice of transition state should not be
n issue for lithium compared to the other metal cations.

. Theoretical issues
All calculations are performed using the Gaussian03 suite of
rograms [48]. For most of the smaller complexes, generally up
o five or six heavy atoms, the calculations could be performed
n high performance personal computers, whereas calculations

4

h
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or larger complexes often used either the CHPC supercomput-
ng cluster at Utah or the high performance Grid computing
ystem at Wayne State. The larger complexes examined here
ould not have been performed without the supercomputing
acilities, and even these are presently unable to perform the
argest calculations for the Li+(12-crown-4) system.

.1. Conventional approaches

Table 2 compares experimental values for LCAs to those
alculated at the levels of theory examined in our previous
tudy of sodium cation affinities [1]. These include MP2(full)
nd several levels of density functional theory (B3LYP [49,50],
3P86 [49,51], and MPW1PW91 [52]). At each of these chosen

evels of theory, geometry optimizations and vibrational fre-
uency analyses are performed using the 6-31G(d, p) basis set
ollowed by single point calculations using 6-311 + G(2d, 2p).

P2(full)/6-311 + G(2d, 2p)//B3LYP/6-31G(d, p) calculations
re also included. Corrections for zero point energies (ZPE)
53] and for BSSE at the full counterpoise level [54,55] are
ncluded in all values. In addition, the complete basis set extrap-
lation approaches (CBS-4M, CBS-Q, and CBS-QB3) [39] and
he Gaussian composite protocols (G2 [31] and G3 [41]) for
ccurate thermochemistry are included.

Comparison of the various theoretical values to the exper-
mental results is facilitated by the mean absolute deviations
MADs) between experiment and theory shown at the bottom of
he table. The MADs, which are comparable to the experimen-
al uncertainties, have fairly sizable uncertainties indicating that
he discrepancies are not a systematic additive effect. The sim-
le approaches generally do not perform very well, with B3LYP
nd MPW1PW91 giving the best results. [It should be noted
hat the MPW1PW91 results in Table 2 are for the corrected
ersion of the MPW exchange functional implemented in Gaus-
ian03. Gaussian98 uses a version in which a local scaling factor
as applied in computing the non-local correction. The incor-

ect version gave results that were systematically higher than
he correct version by an average of 0.83 ± 0.56 kJ mol−1 (25
alues excluding uracil, pyrrole, pyridine, and aminopyridine)
ith a maximum deviation of 2.38 kJ mol−1 for 1-C3H7NH2.]
he CBS-4M, CBS-Q, and CBS-QB3 approaches also fail

o yield adequate results, whereas the best performance is
bserved for G3. Interestingly, if counterpoise corrections for
SSE are not included for the MP2 and MP2/B3LYP cal-
ulations, the agreement with experiment improves, yielding
ADs of 8.1 ± 6.9 kJ mol−1 and 9.2 ± 8.2 kJ mol−1, respec-

ively. In contrast, eliminating the counterpoise corrections for
he B3LYP approach, which are already much smaller than
or the MP2 approaches, has little effect, yielding a MAD of
0.0 ± 7.3 kJ mol−1. On the basis of the results in Table 2, it is
pparent that the theoretical approaches previously successful
or other alkali metal cations are insufficient for lithium cations.
.2. Core correlation

As pointed out in the introduction, lithium cations differ from
eavier alkali metal cations primarily in being much smaller. The
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Table 2
Experimental and calculated lithium cation affinities at 0 K in kJ mol−1

Ligand Experimenta Theory

MP2(full)b MP2(full)//
B3LYPb

B3LYPb B3P86b MPW1
PW91b

CBS-4M CBS-Q CBS-QB3 G2 G3

Ar 32.8 (13.5) 22.1 22.2 26.3 22.5 24.5 18.8 24.0 23.8 26.7 30.8
NO 59.8 (10.0) 54.1 25.2 52.5 48.3 51.4 33.4 45.6 49.7 49.8 47.1
CO 55.0 (12.5) 65.1 64.7 64.2 60.5 61.5 56.7 60.7 60.7 61.5 63.2
C2H4 79.4 79.3 86.2 83.5 86.8 78.7 78.3 79.0 81.3 83.3
H2O 133.1 (13.5) 130.5 130.1 138.0 133.2 135.3 129.9 131.9 132.5 132.5 137.0
CH3OH 155.0 (8.5) 147.0 146.6 154.2 147.4 148.8 143.9 147.9 147.6 147.8 152.8
C6H6 161.1 (13.5), 149.1 (10.3) 143.4 145.0 153.2 151.2 157.4 150.3 155.8 146.7 151.1 154.6
CH3OCH3 165.0 (10.6) 152.2 151.6 158.7 151.1 153.4 148.6 153.1 152.0 152.8 157.9
NH3 159.1 (10.3) 150.8 150.4 157.6 154.0 156.4 154.1 151.8 152.1 151.6 156.3
C2H5OH 163.5 (6.5) 158.0 157.4 166.9 160.6 162.1 154.9 159.3 159.2 170.1 165.1
CH3NH2 165.5 (10.6) 160.4 159.7 166.8 162.3 164.2 159.7 160.9 160.5 161.0 165.6
CH3CHO 166.3 (10.6) 159.2 159.0 175.3 168.9 171.0 159.8 165.0 164.3 163.7 168.2
C2H5CO2H 165.0 (6.0) 163.8 164.3 181.6 175.9 178.1 166.2 170.0 170.6 170.1 176.1
1-C3H7OH 170.3 (8.6) 163.4 164.6 175.3 166.6 169.5 159.9 164.8 166.0 168.4 174.8
2-C3H7OH 172.8 (7.5) 165.3 164.7 175.6 169.2 171.6 161.9 167.6 166.4 166.8 172.3
Pyrrole 177.4 (16.6) 158.1 158.2 166.3 163.6 169.0 158.7 161.9 158.9 160.1 167.6
C6H5OH 178.5 (16.1), 159.8 (10.7)c 145.3 146.7 156.1 154.9 161.0 152.0 156.4 148.7 153.2 157.1
Pyridine 181.0 (14.5) 179.1 178.8 189.5 183.6 185.7 178.4 178.6 179.5 179.8 184.9
CH3COCH3 182.6 (10.5) 176.7 176.4 194.6 187.7 190.2 178.1 181.9 181.8 181.2 186.4
CH3COC2H5 190.1 (7.0) 178.8 178.5 198.9 192.2 193.2 184.0 184.6 184.0 187.6 189.0
1-C3H7NH2 197.8 (6.0) 180.8 180.0 188.7 183.9 185.4 179.7 181.2 180.8 181.9 188.5
Imidazole 210.8 (9.5), 195.1 (10.4) 202.7 202.3 211.9 206.5 208.7 203.1 204.6 204.0 203.9 209.5
Uracil 211.5 (6.1) 194.9 194.7 212.4 204.9 209.7 196.3 200.6 199.5 198.8 204.7
Glycine 220.0 (8.0) 232.7 229.8 245.9 239.5 242.7 229.6 237.4 234.2 236.3 244.1
Adenine 226.1 (6.1) 199.8 200.4 204.9 196.7 200.3 202.4 208.6 201.1 201.6 208.0
(CH3)2NCHO 208.5 (10.6) 216.5 216.2 229.4 221.2 222.9 216.4 220.3 220.6 219.9 225.7
2-NH2pyridine 237.8 (21.1) 214.9 214.7 220.0 212.4 216.1 218.0 212.2 214.6 214.0 220.8
(CH3OCH2)2 241.2 (18.3), 229.0 (10.6) 245.8 244.9 254.3 244.6 245.8 240.6 246.1 245.0 246.8 255.4
Proline 278.8 (9.7) 251.6 252.2 266.4 258.3 261.0 248.7 266.5 253.4 255.0 260.6
HOC2H4NH2 289.5 (9.0) 255.8 254.5 264.4 257.8 259.6 253.0 254.3 257.2 253.4 261.8
12-crown-4 371.5 (51) 345.7 359.2 371.5 347.3 352.1 344.1 353.1 344.9 366.1
MAD vs. CBSd 30 values 7.1 (2.5) 8.3 (4.6) 3.1 (3.2) 4.4 (2.3) 3.7 (2.4) 8.2 (4.6) 8.3 (15.1) 5.6 (2.1) 4.8 (2.7) 2.2 (1.7)
MAD vs. expe 25 values 11.8 (8.5) 13.0 (9.6) 9.9 (7.4) 10.7 (8.6) 9.5 (8.3) 12.6 (9.3) 10.3 (8.2) 10.7 (8.6) 10.5 (9.0) 8.6 (7.8)

a Experimental values including uncertainties in parentheses are taken from Table 1. ICR values are in italics.
b Geometry optimizations and frequency calculations use the 6-31G(d) basis set followed by single point calculations using 6–311 + G(2d, 2p) basis set. All values include zero point energy (with vibrational

frequencies scaled by 0.9646) and counterpoise corrections for basis set superposition errors.
c Estimated from the methylated analogue.
d Mean absolute deviation from the complete basis set limit, HF/corr(DTQ), given in Table 8 (all values except 12-crown-4). Uncertainties in parentheses.
e Mean absolute deviation from the experimental data set (all values except 12-crown-4 and those having two entries). Uncertainties in parentheses.
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Table 3
Counterpoise corrections for BSSE (kJ mol−1) as a function of basis set size (no core correlation)a

cc-pVDZ//cc-pVDZ aug-cc-pVDZ//aug-cc-pVDZ aug-cc-pVTZ//aug-cc-pVDZ aug-cc-pVQZ//aug-cc-pVDZ

CO 10.3 8.5 8.7 8.4
C2H4 8.9 5.8 7.6 9.9
H2O 22.9 12.6 8.6 9.5
CH3OH 21.8 17.6 10.3 12.0
C6H6 17.9 19.3 18.4 19.3
NH3 16.9 8.5 8.2 10.7
CH3NH2 18.1 16.2 10.7 12.7
CH3CHO 18.9 21.7 11.1 13.5
HOC2H4NH2 32.0 27.6 15.8 18.7
(CH2OCH3)2 34.2 31.8 19.0 21.0
A b
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verage 20.2 (8.1) 17.0 (8.5)

a MP2(full) calculations throughout using the basis sets indicated for single p
b Uncertainties (one standard deviation) in parentheses.

maller size of the lithium cation leads to M+–L bond distances
hat are shorter, with greater electronic distortion of the ligand
pon complexation. If the effect is primarily one of accurately
escribing the ligand in both the complex and its free state,
hen increasing the size of the basis set should enable a better
escription of the bond energies. Such an approach does not
ead to appreciably better results, as illustrated in Table 3 for
representative set of the complexes of interest including both
ono- and bidentate ligands. This table shows theoretical BSSE

alues for several ligands bound to Li+ calculated using the cor-
elation consistent polarized valence basis sets of Dunning [37]
cc-pVnZ where n = D, T, and Q) and where aug indicates that
iffuse functions have been added to all atoms. Geometry opti-
izations are performed at either the MP2(full)/cc-pVDZ or
P2(full)/aug-cc-pVDZ levels, where the latter are used for

ingle point energy calculations using the aug-cc-pVTZ and
ug-cc-pVQZ basis sets. It can be seen that the magnitude of
he BSSE values do not systematically decrease with increasing
asis set size, as would be expected. Instead, VQZ values are

enerally larger than VTZ values and in two cases are greater
han VDZ values. Clearly, even the large aug-cc-pVQZ basis
ets are unable to properly describe the interactions of Li+ with
hese ligands.

o
n
t
a

able 4
ounterpoise corrections for BSSE as a function of basis set size and geometry optim

evel of theory cc-pVnZ

cpa D0

P2/cc-pVDZ (and vibs) 22.90 168.3
P2/aug-cc-pVDZ//MP2/cc-pVDZ 11.10 139.8
P2/aug-cc-pVTZ//MP2/cc-pVDZ 7.98 140.6
P2/aug-cc-pVQZ//MP2/cc-pVDZ 8.94 144.1
BS extrap, HF/corr(DTQ) 146.9
P2/aug-cc-pVDZ (and vibs) 12.58 139.5
P2/aug-cc-pVTZ//MP2/aug-cc-pVDZ 8.64 140.2
P2/aug-cc-pVQZ//MP2/aug-cc-pVDZ 9.54 144.0
BS extrap, HF/corr(DTQ) 146.9
P2/aug-cc-pVTZ//MP2/aug-cc-pVTZ 8.57 140.9
P2/aug-cc-pVQZ//MP2/aug-cc-pVTZ 9.50 144.6

a Counterpoise correction for BSSE effects on the bond dissociation energy.
b Counterpoise corrected bond dissociation energy.
11.9 (4.3) 13.6 (4.5)

nergies//geometry optimizations.

In considering the effects that a short Li+–L bond dis-
ance might have on the complex, the lithium cation must also
e considered. Note that the calculations of Table 3 are per-
ormed at the MP2(full) level, such that the 1s electrons are
xplicitly included in the calculation (as opposed to the default
P2(FC) frozen core level of theory). However, at sufficiently

hort metal cation–ligand bond distances, the closed-shell core
lectrons on the metal cation can interact repulsively with the
losed-shell ligand. Such interactions can be relieved if the
ore electrons are permitted to polarize away from the ligand
nd to correlate with the ligand electrons. Standard basis func-
ions do not include correlation functions on the core electrons,
owever, such basis sets have been developed as an enhance-
ent of the correlation consistent basis sets of Dunning [56].
hese correlation consistent polarized core/valence basis sets

cc-pCVnZ where n = D, T, and Q) extend the ideas of the orig-
nal cc-pVnZ sets by including extra functions designed for
ore-core and core-valence correlation. In the following, the
se of the cc-pCVnZ basis set on Li combined with cc-pVnZ

r aug-cc-pVnZ basis sets on all other atoms will be desig-
ated by cc-pVnZ(Li-C) and aug-cc-pVnZ(Li-C). (Note that
he cc-pCVnZ basis sets do not have diffuse functions avail-
ble.)

ization for Li+ (H2O) without and with (Li-C) Li core correlation functions

cc-pVnZ(Li-C)

cp-D0
b cpa D0 cp-D0

b

145.4 24.06 169.4 145.4
128.7 3.05 132.2 129.2
132.6 1.57 135.1 133.6
135.2 0.77 136.8 136.0

137.9
127.0 3.03 131.8 128.8
131.6 1.56 134.8 133.3
134.4 0.77 136.4 135.7

137.5
132.3 1.59 135.0 133.4
135.2 0.79 136.7 135.9
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The effect of adding core correlation functions to Li can
e seen for the example of the Li+(H2O) complex in Table 4.
n contrast to the nonsystematic progression of counterpoise
orrections for BSSE with increasing basis set size observed
ithout core correlation functions on Li, the counterpoise cor-

ections for calculations that include such polarization are much
maller and decrease nicely as the basis set size increases.
imilar results (both with and without core correlation on
i) are obtained whether the geometry optimizations are per-

ormed at the MP2(full)/cc-pVDZ, MP2(full)/aug-cc-pVDZ, or
P2(full)/aug-cc-pVTZ levels. Likewise, similar results were

btained for the other complexes considered in Table 3. Sig-
ificantly, it should be noticed that the D0 values at the
ug-cc-pVnZ, n = D, T, and Q, levels both with and without core
orrelation functions are lower than the LCA obtained for a CBS
xtrapolation (described in detail below), such that including
ounterpoise corrections for the BSSE increases the discrepancy
ith the CBS value. This is unusual because BSSE is generally a

tabilizing contribution to the energy of the complex. This effect
s also found for the many of the other Li+ complexes, suggest-
ng that the extensive electron correlation intrinsic in such tightly
ound systems apparently results in the opposite behavior. In a
ew cases, such as the Li+(C6H6) complex, the uncorrected val-
es either equal or are slightly larger than the CBS value, but
ounterpoise corrections increase the discrepancy with the CBS
alue, a result previously noted by Feller et al. for the Li+(C6H6)
omplex [43].

Clearly, the addition of core correlation functions to the Li
enter provides an improved description of the binding in the
ithium cation complexes. To further explore how much core
orrelation should be included, several calculations were per-
ormed for the set of molecules in Table 3. These include both

P2(FC) and MP2(full) calculations using either no core cor-
elation functions, core correlation functions on Li only, and
ore correlation functions on all heavy atoms (non-hydrogen).
n all cases, the values were calculated using geometries and

ibrational frequencies optimized using the aug-cc-pVDZ basis
et followed by single point calculations using aug-cc-pVTZ
nd aug-cc-pVQZ basis sets. The values were then extrapolated
o the CBS limit (using the HF/corr(DTQ) protocol described

t
a
a
a

able 5
ffect of including core correlation functions on calculated lithium cation affinities a

igand HF/corr(DTQ) extrapolation of MP2/aug-cc-pVnZ//MP2/a

FC/no core FC/core(Li) FC/core(a

O 64.6 64.7 64.8

2H4 81.0 81.1 81.3

2O 133.6 133.6 133.6
H3OH 149.0 148.9 148.9

6H6 144.8 145.0 145.1
H3 152.8 152.9 152.9
H3NH2 161.6 161.8 159.5
H3CHO 162.8 163.1 162.8

CH2OCH3)2 246.8 246.8 246.7
OC2H4NH2 255.1 255.2 255.1
ADa −4.8 (1.8) −4.7 (1.8) −5.0 (1.8

a Mean absolute deviation from full/core(all) values. Uncertainties (one standard d
al of Mass Spectrometry 267 (2007) 167–182

elow) to eliminate basis set effects. The results are shown
n Table 5. Not surprisingly, the MP2(FC) calculations are
nsensitive to the presence of core correlation functions. Mean
bsolute deviations (MADs) from the MP2(full)/cc-pCVnZ
BS results (where all heavy atoms have core correlation

unctions) are about 5 ± 2 kJ mol−1. When no core correlation
s used at the MP2(full) level, the MADs are much higher,
bout 24 ± 22 kJ mol−1. The large changes associated with no
ore correlation can be traced to the difficulties presented in
able 3, namely, the CBS extrapolation is not behaving reason-
bly such that the LCAs obtained differ dramatically from the
ther approaches. In contrast, the difference between the values
btained with core correlation on only Li versus on all heavy
toms is only 0.3 ± 0.4 kJ mol−1. Thus, addition of core correla-
ion functions to all atoms does not improve the description of the
onding. This is understandable as it is the valence electrons on
he ligands that are engaged in the bonding in the lithium cation
omplexes, and the core electrons on these atoms are conse-
uently low in energy. In contrast, for Li+, the 2s valence orbital
s empty such that the only electrons present are the 1s core
lectrons. Correlation of the occupied 1s orbital allows these
lectrons to properly respond to the close approach of the closed
hell ligand.

.3. Effect of basis set size on geometry optimizations

In order to assess the size of the basis set needed
o accurately describe lithium cation complexes, results
ere examined for geometry optimization at three lev-

ls: MP2(full)/cc-pVDZ(Li-C), MP2(full)/aug-cc-pVDZ(Li-C),
nd MP2(full)/aug-cc-pVTZ(Li-C) where core correlation on Li
s used in all cases. Comparisons in Table 6 are made using
ingle point calculations at the MP2(full)/aug-cc-pVQZ(Li-C)
ith counterpoise corrections for BSSE (nearly identical results

re obtained without such corrections). Clearly the LCAs are
ot sensitive to the different basis sets used for the geome-

ry optimization. MADs between experiment and the triple-�
nd two double-� levels of theory are essentially indistinguish-
ble and differ by less than 0.5 kJ mol−1. This is confirmed by
direct comparison among the three levels of theory, which

t 0 K in kJ mol−1

ug-cc-pVDZ

ll) Full/no core Full/core(Li) Full/core(all)

74.3 68.0 67.2
96.4 84.2 84.2

146.9 137.5 137.6
165.4 153.2 153.2
178.5 150.5 151.8
170.0 157.3 156.9
179.4 165.8 165.4
182.0 167.4 167.3
319.8 254.2 254.2
326.6 262.4 262.4

) 23.9 (22.2) 0.3 (0.4)

eviation) in parentheses.
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Table 6
Experimental and calculated lithium cation affinities at 0 K in kJ mol−1a

Ligand Experimentb cc-pVDZ(Li-C) aug-cc-pVDZ(Li-C) aug-cc-pVTZ(Li-C)

Ar 32.8 (13.5) 25.4 25.9 26.4
CO 55.0 (12.5) 66.7 68.2 67.4
C2H4 83.6 83.4 84.1
H2O 133.1 (13.5) 136.0 135.7 135.9
CH3OH 155.0 (8.5) 151.9 151.5 151.6
C6H6 161.1 (13.5), 149.4 (10.3) 150.7 150.6 150.5
CH3OCH3 165.0 (10.6) 156.2 156.6 156.5
NH3 159.1 (10.3) 156.7 155.5 156.2
C2H5OH 163.5 (6.5) 163.5 163.1 163.3
CH3NH2 165.5 (10.4) 165.6 164.5 165.1
CH3CHO 166.3 (10.6) 165.6 165.6 165.8
CH3COCH3 182.6 (10.5) 183.2 183.2 183.9
Imidazole 210.8 (9.5), 195.1 (10.4) 207.6 207.7 208.1
Glycine 220.0 (8.0) 239.6 238.7 239.4
(CH3OCH2)2 241.2 (18.3), 229.0 (10.6) 251.4 251.4 252.7
Proline 278.8 (9.7) 261.3 260.4 262.1
HOC2H4NH2 289.5 (9.0) 263.3 259.8 262.7
MAD vs. expc 7.8 (8.6) 8.3 (9.2) 7.8 (8.6)
MAD vs. TZd 0.5 (0.3) 0.7 (0.7)

a Single point energies calculated at the MP2(full)/aug-cc-pVQZ(Li-C) level with geometries and ZPE corrections calculated at the MP2(full) level with the basis
set shown (except that ZPE corrections for the aug-cc-pVTZ(Li-C) level are taken from cc-pVDZ(Li-C) values). BSSE corrections are also included.
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b Experimental values including uncertainties in parentheses are taken from T
c Mean absolute deviation from experiment excluding those having two value
d Mean absolute deviation from aug-cc-pVTZ(Li-C) results. Uncertainties in

xhibit MADs less than 1 kJ mol−1, indicating that the shifts
re not systematic and that the results at all three levels of the-
ry are very similar. On the basis of this comparison, it is clear
hat geometry optimizations for lithium cation complexes can
e accurately performed at the MP2(full)/cc-pVDZ(Li-C) level.

The trends observed in Table 5 are intriguing in that the
P2(FC) results are systematically low, whereas MP2(full)/(no

ore) values are systematically high. Table 7 compares

he lithium cation–ligand bond lengths in these complexes
alculated at these same levels of theory as well as MP2(full)/cc-
VDZ(Li-C) and MP2(full)/aug-cc-pVTZ(Li-C). The bond
engths at the MP2(full)/cc-pCVDZ (i.e., core correlation on

d
s
c
t

able 7
alculated Li+–L bond lengths (Å)a

igand Li-Xb cc-pVDZ aug-cc-pVDZ

Full/core(Li) FC/no core FC/core(Li) FC/core

O C 2.249 2.231 2.229 2.229

2H4 C(2) 2.419 2.437 2.430 2.428

2O O 1.858 1.878 1.874 1.873
H3OH O 1.839 1.854 1.853 1.852

6H6 C(6) 2.382 2.394 2.394 2.392
H3 N 2.008 2.020 2.012 2.012
H3NH2 N 2.004 2.008 2.005 2.004
H3CHO O 1.804 1.812 1.814 1.811

CH2OCH3)2 O(2) 1.885 1.898 1.898 1.897
OC2H4NH2 O 1.883 1.898 1.897 1.896

N 2.037 2.040 2.039 2.038
vg devc +0.005 (0.010) +0.014 (0.004) +0.012 (0.004) +0.011 (

a All calculations use MP2(FC or full) and the indicated basis set with variations in
iffuse functions (indicated by aug) are not present for atoms with core correlation.
b Indicates the atom to which the lithium cation is bound. Hapticity in parentheses.
c Average deviation from the MP2(full)/aug-cc-pCVDZ results (full/core(all)). Unc
. ICR values are in italics.
certainties in parentheses.
theses.

ll heavy atoms) and MP2(full)/aug-cc-pVDZ(Li-C) levels lead
o nearly identical bond lengths, consistent with the very similar
ond energies obtained. Likewise, MP2(full)/cc-pVDZ(Li-C)
alculations give similar bond lengths, which differ by between
0.006 and 0.012 Å (except for CO where the difference is

.029 Å). In contrast, the MP2(FC) calculations lead to bond
engths that are systematically larger by 0.010–0.015 Å. Hence,
he weaker binding in the MP2(FC) calculations, Table 5, is a

irect result of the lithium ion being too far away from the ligand,
uch that the electrostatic interaction is reduced. These results
onfirm that core correlation allows the 1s electrons on lithium
o move away from the ligand, resulting in reduced Pauli repul-

aug-cc-pVTZ

(all) Full/no core Full/core(Li) Full/core(all) Full/core(Li)

2.152 2.220 2.220 2.174
2.391 2.416 2.415 2.368
1.820 1.865 1.864 1.842
1.805 1.843 1.843 1.820
2.324 2.3706 2.3705 2.311
1.964 2.006 2.006 1.974
1.951 1.996 1.995 1.968
1.767 1.801 1.800 1.776
1.865 1.886 1.886 1.865
1.862 1.886 1.885 1.863
2.006 2.028 2.027 2.007

0.004) −0.037 (0.014) +0.0005 (0.0005) −0.031 (0.013)

whether core correlation is included on no atoms, only Li, or all heavy atoms.

ertainties (one standard deviation) in parentheses.
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ion, shorter bond lengths, and a stronger interaction. Oddly,
alculations at the MP2(full)/aug-cc-pVDZ level (no core cor-
elation) give bond lengths that are considerably shorter than the

P2(full)/cc-pCVDZ results. These shorter bonds appear to be
he result of the other basis functions being used to approx-
mate core correlation, an effect that also leads to the large
asis set superposition errors found in Table 3. These short bond
engths can explain why the bond energies are so much larger,
ut only if the Pauli repulsion between the 1s(Li) electrons and
he ligand is underestimated compared to the other levels of
heory. Finally, the bond lengths calculated at the MP2(full)/aug-
c-pVTZ(Li-C) level are also systematically smaller than the
P2(full)/aug-cc-pVDZ(Li-C) results. However, this does not

ead to an appreciable change in the LCAs, as shown in Table 6.
pparently, there is a fine balance between the attractive ion-

igand electrostatic and the repulsive 1s(Li) core electron-ligand
nteractions that are handled differently at the double-� and
riple-� levels.

.4. Effect of the basis set size on energetics

The evolution of the 0 K LCAs with the size of the basis set
as also examined. Results shown in Table 8 are for geom-

try optimizations and frequency analyses performed at the
P2(full)/cc-pVDZ(Li-C) level in most cases. Single point

nergy calculations at the MP2(full)/aug-cc-pVnZ(Li-C), n = D,
, and Q, levels were performed including BSSE corrections at

he full counterpoise (cp) limit. The resulting values are then
xtrapolated to the CBS limit using the HF/corr(DTQ) proto-
ol, described in detail in the next section. Parallel results were
lso obtained for geometry optimizations and frequency analy-
es performed at the MP2(full)/aug-cc-pVDZ(Li-C) level. Only
he CBS extrapolated values are given in Table 8 for this level of
heory because the results vary little as described below. Using
he CBS extrapolated results for comparison, it can be seen
hat the MADs for values calculated without cp corrections are
maller than those that include cp corrections, except when the
ingle point energy calculations do not include diffuse functions,
c-pVDZ(Li-C) results. In other words, the cp corrections fail
o improve agreement with the CBS limit except when the basis
et size is clearly too small. MADs for values without cp cor-
ections decrease systematically with increasing basis set size:
4 kJ mol−1 for aug-cc-pVDZ(Li-C), ∼2 kJ mol−1 for aug-cc-

VTZ(Li-C), and ∼1 kJ mol−1 for aug-cc-pVQZ(Li-C). Values
ith cp corrections exhibit the same trend but are approximately

wice as large. Comparison between the CBS extrapolated val-
es for the cc-pVDZ(Li-C) and aug-cc-pVDZ(Li-C) geometry
ptimizations yield a MAD of only 0.8 kJ mol−1, confirming the
esults found in the previous section that the cc-pVDZ(Li-C)
asis is sufficient for geometry optimizations.

When these calculated values are compared to experiment,
he resultant MADs exhibit the same general trends although
ow the best values are about 8 kJ mol−1, with standard devi-

tions of about 7 kJ mol−1. The comparison between the CBS
xtrapolated values (cc-pVDZ(Li-C) geometry optimizations)
nd experiment is illustrated in Fig. 3. The general agreement
s excellent, with the largest deviations occurring for the most

fi
c
c
l

able 9. Closed circles indicate the experimental data set of 26 values used for
valuation purposes. Open triangles indicate the four values for which GIBMS
up triangles) and ICR (down triangles) do not agree well.

trongly bound complexes, although large deviations that are
oth negative (glycine and (CH3OCH2)2) and positive (adenine,
-aminopyridine, proline, and HOC2H4NH2) are observed.
or more weakly bound species, the most notable outlier is
henol (positive deviation of 26 kJ mol−1) although benzene
lso exhibits a larger than usual deviation of 10 kJ mol−1.
hese observations may indicate that bidentate ligands and �-
omplexes in general are still not handled adequately at this level
f theory, although the more strongly bound ligands may also be
ubject to more extensive experimental difficulties, as discussed
bove.

.5. Complete basis set extrapolations

The CBS extrapolation procedure used above is taken from
recipe outlined by Gdanitz et al. [57]. For the extrapolation

t the Hartree–Fock (HF) level of theory, a three-point formula
s used and employs energies calculated using aug-cc-pVnZ(Li-
), n = D, T, and Q. The HF limit energies were estimated using

he empirical formula (2).

HF[∞] = EHF[x] − B exp(−αx) (2)

n this extrapolation formula and those shown below, x is 2, 3,
nd 4, for the DZ, TZ, and QZ basis sets, respectively. When the
hree equations are combined to eliminate the parameters B and
, one obtains expression (3).

HF[∞] = EHF[4] + (EHF[4] − EHF[3])2

2EHF[3] − EHF[4] − EHF[2]
(3)

recent study of Halkier et al. [58] shows that this formula
educes the maximum absolute error of the energies of eight

rst-row diatomics by a factor of three. For the correlation
ontribution, �EMP2 (=EMP2 − EHF) is the correlation energy
omputed at the MP2(full) level of theory. The �EMP2 CBS
imit is estimated using the extrapolation formulas proposed by
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Table 8
Experimental and calculated lithium cation affinities at 0 K in kJ mol−1a

Ligand Experimentb cp-DZ DZ cp-aug-DZ aug-DZ cp-aug-TZ aug-TZ cp-aug-QZ aug-QZ CBSc//DZ CBSc,d //aug-DZ

Ar 32.8 (13.5) 17.7 25.0 20.3 23.0 24.4 26.8 25.4 27.4 27.5 28.2
NO 59.8 (10.0) 49.4 63.6 48.4 51.0 52.9 55.5 53.9 55.2 54.4 54.3
CO 55.0 (12.5) 62.5 72.7 62.0 65.1 66.2 69.7 66.7 68.2 66.4 68.0
C2H4 78.3 87.3 79.7 83.5 82.7 84.9 83.6 84.7 84.4 84.2
H2O 133.1 (13.5) 145.4 169.4 129.2 132.2 133.6 135.1 136.0 136.8 137.9 137.5
CH3OH 155.0 (8.5) 152.8 175.8 145.4 148.3 149.5 151.5 151.9 152.8 153.7 153.2
C6H6 161.1 (13.5), 149.1 (10.3) 141.0 159.5 142.9 152.5 149.7 156.7 150.7 153.0 150.8 150.5
CH3OCH3 165.0 (10.6) 153.1 175.0 150.5 153.8 153.8 156.6 156.2 157.6 158.2 158.6
NH3 159.1 (10.3) 164.2 182.0 150.7 154.3 154.9 156.2 156.7 157.5 158.5 157.3
C2H5OH 163.5 (6.5) 162.3 186.1 156.7 160.3 161.0 163.5 163.5 164.8 165.5 165.2
CH3NH2 165.5 (10.6) 166.6 185.9 160.4 163.9 163.9 165.9 165.6 166.5 167.0 165.8
CH3CHO 166.3 (10.6) 158.0 177.7 158.3 161.7 163.2 166.0 165.6 167.0 167.4 167.4
C2H5CO2H 165.0 (6.0) 167.5 187.3 164.3 168.6 168.7 172.1 171.5 173.1 173.6 173.2
1-C3H7OH 170.3 (8.6) 168.4 192.9 163.9 168.1 169.0 171.9 170.9 172.4 172.5 171.9
2-C3H7OH 172.8 (7.5) 168.1 191.9 164.1 167.9 168.3 171.0 172.8 173.7 175.7 173.6
Pyrrole 177.4 (16.6) 159.2 176.8 156.1 163.4 161.2 166.1 163.2 165.3 164.4 164.8
C6H5OH 178.5 (16.1), 159.8 (10.7)e 145.4 165.0 144.9 154.5 150.8 157.8 152.6 155.2 152.6 154.5
Pyridine 181.0 (14.5) 179.2 196.1 178.3 182.2 182.1 185.2 183.8 185.2 184.8 184.9
CH3COCH3 182.6 (10.5) 194.4 174.9 175.7 179.4 180.8 184.3 183.2 185.0 185.1 184.7
CH3COC2H5 190.1 (7.0) 176.0 194.5 178.1 181.8 183.6 187.1 185.8 187.3 187.1 187.4
1-C3H7NH2 197.8 (6.0) 184.6 205.0 181.0 185.8 185.2 188.4 187.1 188.5 188.5 187.0
Imidazole 210.8 (9.5), 195.1 (10.4) 206.0 224.2 201.5 205.1 205.9 208.4 207.6 209.1 209.2 209.3
Uracil 211.5 (6.1) 201.2 222.6 193.8 197.5 199.7 203.4 201.7 203.2 202.5 202.6
Glycine 220.0 (8.0) 244.7 276.1 231.9 237.8 236.5 240.6 239.6 241.5 242.2 241.2
Adenine 226.1 (6.1) 219.1 247.0 200.8 206.7 202.2 206.6 202.6 204.6 203.0 205.1
(CH3)2NCHO 208.5 (10.6) 215.3 238.4 214.9 218.5 220.0 223.0 222.4 223.9 224.2 224.4
2NH2pyridine 237.8 (21.1) 224.3 250.4 216.2 221.5 218.7 222.8 219.8 221.6 220.5 219.7
(CH3OCH2)2 241.2 (18.3), 229.0 (10.6) 249.7 285.7 244.9 250.5 248.1 252.8 251.4 253.5 254.0 254.2
Proline 278.8 (9.7) 242.3 278.0 256.0 260.2 259.0 262.6 261.3 263.0 263.4 262.6
HOC2H4NH2 289.5 (9.0) 271.9 305.3 256.2 261.7 259.8 263.4 263.3 264.9 266.1 262.4
12-crown-4 371.5 (51) 341.4 400.6 343.5 353.3 342.1 351.1
MAD vs. CBSf 30 values 6.5 (4.4) 17.9 (10.4) 7.8 (2.0) 3.9 (1.7) 3.5 (1.7) 1.8 (1.5) 1.5 (0.8) 0.8 (0.7) 0.8 (0.8)
MAD vs. expg 25 values 10.3 (8.3) 16.8 (12.1) 12.1 (7.9) 9.4 (6.9) 9.4 (7.9) 8.1 (7.3) 8.4 (7.8) 8.2 (7.3) 8.5 (7.3) 8.5 (7.7)

a All results, except as noted, refer to geometry optimizations at the MP2(full)/cc-pVDZ(Li-C) level followed by single point calculations at the MP2(full)/cc-pVnZ(Li-C), n = D, T, or Q, either with (aug) or
without diffuse functions and with (cp) or without counterpoise corrections for BSSE. ZPE corrections were made using vibrational frequencies scaled by 0.9646 and calculated at the MP2(full)/cc-pVDZ(Li-C)
level.

b Experimental values including uncertainties in parentheses taken from Table 1. ICR values in italics.
c Complete basis set (CBS) extrapolations performed using the HF/corr(DTQ) protocol described in the text.
d These CBS results utilize geometry optimizations at the MP2(full)/aug-cc-pVDZ(Li-C) level.
e Estimated from the methylated analogue.
f Mean absolute deviation from the complete basis set limit, CBS//DZ, HF/corr(DTQ) (all values except 12-crown-4). Uncertainties in parentheses.
g Mean absolute deviation from the experimental data set (all values except 12-crown-4 and those having two entries). Uncertainties in parentheses.
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chaefer and co-workers [59], namely Eq. (4).

EMP2[∞] = ΔEMP2[x] − a

(
x + 1

2

)−3

(4)

n all cases, a two point extrapolation based on the aug-cc-
VTZ(Li-C) and aug-cc-pVQZ(Li-C) results is used, such that
ombining Eq. (4) with x = 3 and 4 and eliminating parameter a
ields Eq. (5).

EMP2[∞] =
(

4.53ΔEMP2[4] − 3.53ΔEMP2[3]

4.53 − 3.53

)

= 1.8886 ΔEMP2[4] − 0.8886 ΔEMP2[3] (5)

chaefer and co-workers have demonstrated that this is the
ost accurate extrapolation method available for the correlation

nergy of general molecules [59]. Extrapolations for �EMP2
∞] using cc-pVDZ and cc-pVTZ results have generally been
ound to be unreliable [60]. The final CBS energy is then
iven by E [∞] = EHF [∞] + �EMP2 [∞] and is designated as
F/corr(DTQ) to emphasize that the HF and correlation energies

re separately extrapolated.
An alternative extrapolation procedure used by Feller et al.

61] is based on a mixed exponential/Gaussian function of the
orm in Eq. (6).

[n] = E[∞] + B exp[−(x − 1)] + C exp[−(x − 1)2] (6)

hen aug-cc-pVnZ, n = D, T, and Q, basis sets are used for an
xtrapolation (x = 2, 3, and 4), this equation reduces to Eq. (7).

[∞] = 1.676755E[4] − 0.711622E[3] + 0.034867E[2] (7)

ote that here the energies used are the total energies.
On the basis of previous work by Schwartz [62], Martin has

uggested both two (Schwartz4) and three (Schwartz6) point
xtrapolations of the total energy using Eqs. (8) and (9) [63].

[∞] = E[x] − a

(
x + 1

2

)−4

(8)

[∞] = E[x] − a

(
x + 1

2

)−4

− b

(
x + 1

2

)−6

(9)

ote that the form of these equations is similar to Eq. (4) but
ow the HF and correlation energies are not separately extrap-
lated. Eliminating the constants leads to the simplified results
or Schwartz4(DT) of Eq. (10),

[∞] = 1.351914E[3] − 0.351914E[2] (10)

chwartz4(TQ) of Eq. (11),

[∞] = 1.577163E[4] − 0.577163E[3] (11)

nd for Schwartz6(DTQ) of Eq. (12).

[∞] = 1.913310E[4] − 0.988315E[3] + 0.075005E[2]
(12)

hese various CBS extrapolation procedures are compared
n Table 9. It can be seen that the three-point extrapola-

a
l
c
a

al of Mass Spectrometry 267 (2007) 167–182

ions agree with one another very well, with MADs of 0.1
nd 0.2 kJ mol−1 for the Schwartz6(DTQ) and Feller(DTQ)
rocedures, respectively, compared to the somewhat more com-
licated HF/corr(DTQ). These differences are much smaller
han those obtained by changing the level used for the geom-
try optimizations (MAD of 0.8 kJ mol−1). In addition, the
chwartz4(TQ) two-point extrapolation also gives very good
greement (MAD of 0.3 kJ mol−1) with HF/corr(DTQ), and the
chwartz4(DT) results deviate from the three-point extrapola-

ions by only 2 kJ mol−1. Interestingly, this latter approach gives
he best comparison to experiment, although only marginally, in
art because it provides somewhat higher values than the other
xtrapolation procedures. Overall, the agreement between any
f these CBS results and experiment are essentially identical.

As noted above, Feller et al. [43] have previously used
he Feller(DTQ) approach (including core correlation effects)
n calculating the LCA of Li+(C6H6). The value they deter-

ined of 151.0 kJ mol−1 is the same as our Feller(DTQ) value
f 151.2 kJ mol−1, especially once it is realized that the liter-
ture value includes a −0.2 kJ mol−1 correction from higher
rder correlation effects estimated from CCSD(T) calculations.
his comparison suggests that such higher order correlation
ffects are not needed to achieve the best computational results.
o confirm this result for the other complexes considered
ere, CCSD(T, full)/aug-cc-pVDZ(Li-C)//MP2(full)/aug-cc-
VDZ(Li-C) calculations of the LCAs were performed for all
omplexes but 12-crown-4 and the correction from MP2 to
CSD(T) values extracted directly from these computed results.
hese results are detailed in Table 10. For the smallest com-
lexes (Ar, CO, NO, H2O, and NH3), it was verified that use of a
riple-� level, CCSD(T)/aug-cc-pVTZ(Li-C), instead of double-
basis set changed the corrections by less than one kJ mol−1 (the
verage difference was 0.5 ± 0.3 kJ mol−1). These CCSD(T)
alculations indicate that the corrections for higher order cor-
elation lie between −1.2 and 2.7 kJ mol−1 (with an average
f 0.6 ± 1.2 kJ mol−1) for all but two complexes, Li+(CO) and
i+(NO). In these two cases, these higher order correlation
orrections improve the agreement between experiment and the-
ry for Li+(CO), 55.0 ± 12.5 and 61.2 kJ mol−1, respectively,
or HF/corr(DTQ) with CCSD(T), but worsen the agreement
or Li+(NO), 59.8 ± 10.0 and 49.4 kJ mol−1, respectively, for
F/corr(DTQ) with CCSD(T). If these higher order correlation

ffects are included in the HF/corr(DTQ) CBS bond energies,
he comparison to the experimental data set (25 values) changes
he MAD from 8.5 ± 7.3 kJ mol−1 to 8.6 ± 7.5 kJ mol−1, clearly
ndicating that their influence is minor.

.6. Accurate approaches

Complete basis set extrapolations utilizing two and three-
oint extrapolations from single point energies calculated at
he MP2(full)/aug-cc-pVnZ(Li-C)//MP2(full)/cc-pVDZ(Li-C)
evels where n = D, T, and Q appear to provide reasonable

greement between experiment and theory for most of the
ithium cation complexes considered here. This approach is
omputationally intensive because of the use of the large
ug-cc-pVQZ(Li-C) basis set and is very time consuming for
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Table 9
Comparison of complete basis set extrapolation methods for lithium cation affinities at 0 K in kJ mol−1a

Ligand Experimentb HF/corr (DTQ) Feller (DTQ) Schwartz4 (DT) Schwartz4 (TQ) Schwartz6
(DTQ)

Ar 32.8 (13.5) 27.5 27.7 28.2 27.8 27.7
NO 59.8 (10.0) 54.4 54.8 57.1 55.0 54.6
CO 55.0 (12.5) 66.4 67.0 71.3 67.3 66.4
C2H4 84.4 84.5 85.3 84.6 84.4
H2O 133.1 (13.5) 137.9 137.8 136.2 137.7 138.0
CH3OH 155.0 (8.5) 153.7 153.7 152.6 153.6 153.8
C6H6 161.1 (13.5), 149.1 (10.3) 150.8 151.2, 151.0c 156.8 151.6 150.5
CH3OCH3 165.0 (10.6) 158.2 158.3 157.6 158.2 158.4
NH3 159.1 (10.3) 158.5 158.3 156.9 158.3 158.6
C2H5OH 163.5 (6.5) 165.5 165.5 164.6 165.5 165.7
CH3NH2 165.5 (10.6) 167.0 166.9 166.6 166.9 167.0
CH3CHO 166.3 (10.6) 167.4 167.4 167.6 167.5 167.5
C2H5CO2H 165.0 (6.0) 173.6 173.6 173.4 173.6 173.7
1-C3H7OH 170.3 (8.6) 172.5 172.6 173.2 172.6 172.5
2-C3H7OH 172.8 (7.5) 175.7 175.4 172.2 175.2 175.9
Pyrrole 177.4 (16.6) 164.4 164.7 167.1 164.8 164.4
C6H5OH 178.5 (16.1) 159.8 (10.7)d 152.6 153.3 158.9 153.6 152.5
Pyridine 181.0 (14.5) 184.8 185.1 186.3 185.2 184.9
CH3COCH3 182.6 (10.5) 185.1 185.2 186.1 185.4 185.2
CH3COC2H5 190.1 (7.0) 187.1 187.2 188.9 187.4 187.1
1-C3H7NH2 197.8 (6.0) 188.5 188.5 189.3 188.6 188.4
Imidazole 210.8 (9.5), 195.1 (10.4) 209.2 209.4 209.6 209.4 209.4
Uracil 211.5 (6.1) 202.5 202.9 205.4 203.2 202.7
Glycine 220.0 (8.0) 242.2 242.0 241.5 242.0 242.2
Adenine 226.1 (6.1) 203.0 203.2 206.6 203.4 202.8
(CH3)2NCHO 208.5 (10.6) 224.2 224.4 224.6 224.4 224.4
2NH2pyridine 237.8 (21.1) 220.5 220.8 223.3 220.9 220.4
(CH3OCH2)2 241.2 (18.3), 229.0 (10.6) 254.0 254.0 253.5 254.0 254.1
Proline 278.8 (9.7) 263.4 263.2 263.5 263.2 263.2
HOC2H4NH2 289.5 (9.0) 266.1 265.8 264.0 265.7 266.1
12-crown-4 371.5 (51) 365.2
MAD vs. HF/corre 0.2 (0.2) 1.8 (1.7) 0.3 (0.3) 0.1 (0.1)
MAD vs. expf 8.5 (7.3) 8.4 (7.3) 8.1 (7.3) 8.4 (7.3) 8.5 (7.4)

a All values use geometry optimizations and vibrational frequencies calculated at the MP2(full)/cc-pVDZ(Li-C) level. The values shown are extrapolated from the
designated aug-cc-pVnZ(Li-C), n = D, T, Q, single point energies as described in the text.

b Experimental values including uncertainties in parentheses taken from Table 1. ICR values in italics.
c Value from Feller et al. [43] which includes −0.2 kJ mol−1 in higher order correlation effects estimated from CCSD(T) calculations.
d Estimated from the methylated analogue.
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e Mean absolute deviation vs. HF/corr(DTQ) CBS extrapolated values. Unce
f Mean absolute deviation vs. experimental values (except 12-crown-4 and th

he larger complexes considered here. Therefore, it would be
esirable to determine a lower level of theory that provides rea-
onable predictions for the thermochemistry of lithium cation
omplexes while correctly including the core correlation effects
n lithium noted above. Table 2 compares the conventional
pproaches with the HF/corr(DTQ) CBS results. The best and
nly results comparable to the CBS approach used here are
hose from G3 theory, which is also computationally intensive.
ntriguingly MP2 results excluding counterpoise corrections for
SSE perform almost as well. However, this must be partially

erendipitous because these results do not consider the core
orrelation effects that are clearly important in these systems.
evertheless, this observation can be explored more thoroughly

y examining Table 8, which shows that excluding cp correc-
ions leads to better agreement with the CBS limit when an
dequately large basis set is used. Note that the MP2(full)/aug-
c-pVTZ(Li-C)//MP2(full)/cc-pVDZ(Li-C) level of theory

p
d
c
a

es in parentheses.
aving two values). Uncertainties in parentheses.

ithout cp corrections gives fairly good agreement with the
BS limit (MAD of 1.8 ± 1.5 kJ mol−1 and an average deviation
f −0.2 ± 2.4 kJ mol−1), and is a level of theory comparable
o the MP2(full)/6-311 + G(2d,2p)//MP2(full)/6-31G(d) level
reviously proposed to examine sodium cation complexes
1,64]. These results are generally slightly lower than the
BS values (by an average of about 0.2%), but the largest
eviations (5–6 kJ mol−1) occur for the �-bound complexes
f benzene, phenol, and pyrrole where the CBS values are
ower. In these cases, the lower level of theory agrees with
xperiment better than the CBS limit. This is one reason that
his level of theory provides nearly the best comparison with
xperiment among all of the levels examined in Table 8. We

ropose that this level of theory should provide an adequate
escription of most lithium cation complexes at a modest
omputational cost. An attractive alternative that involves little
dditional computational effort is to calculate MP2(full)/aug-
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Table 10
Higher order correlation corrections for lithium cation affinities at 0 K in kJ mol−1a

Ligand MP2(full)/DZa CCSD(T, full)/DZb �c MP2(full)/TZa CCSD(T, full)/TZb �c

Ar 24.54 24.98 0.40 28.73 29.01 0.28
NO 54.12 49.07 −5.05 58.24 53.72 −4.52
CO 70.08 64.85 −5.23 75.02 70.37 −4.65
C2H4 87.79 87.27 −0.52
H2O 139.52 139.50 −0.02 142.67 143.05 0.38
CH3OH 154.02 153.66 −0.36
C6H6 157.77 156.81 −0.96
CH3OCH3 159.35 159.10 −0.26
NH3 163.07 162.42 −0.65 164.91 165.08 0.17
C2H5OH 165.19 164.99 −0.20
CH3NH2 171.12 170.66 −0.46
CH3CHO 167.18 168.58 1.40
C2H5CO2H 173.67 175.93 2.27
1-C3H7OH 174.40 174.54 0.14
2-C3H7OH 172.22 172.01 −0.21
Pyrrole 150.07 151.35 1.28
C6H5OH 140.99 142.05 1.06
Pyridine 169.51 171.29 1.78
CH3COCH3 184.18 185.67 1.49
CH3COC2H5 166.71 169.41 2.70
1-C3H7NH2 173.42 173.87 0.45
Imidazole 211.55 211.37 −0.18
Uracil 182.92 185.34 2.42
Glycine 226.73 229.09 2.37
Adenine 215.59 217.51 1.93
(CH3)2NCHO 225.67 227.86 2.19
2NH2pyridine 209.41 209.93 0.51
(CH3OCH2)2 239.21 239.67 0.46
Proline 248.39 247.18 −1.21
HOC2H4NH2 274.05 273.36 −0.68
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b Bond energy calculated at the CCSD(T, full)/aug-cc-pVnZ(Li-C)//MP2(full
c Difference between the CCSD(T) and MP2(full) bond energies.

c-pVnZ(Li-C)//MP2(full)/cc-pVDZ(Li-C) values for both
= D and T and use the Schwartz4(DT) extrapolation to give
CBS value. Comparison with the HF/corr(DTQ) results

n Table 9 shows that this method yields results that are
lightly higher (by an average of about 0.4%), with the largest
eviations (5–6 kJ mol−1) again occurring for benzene and
henol. Overall, it is notable that the Schwartz4(DT) and
P2(full)/aug-cc-pVTZ(Li-C)//MP2(full)/cc-pVDZ(Li-C)

alues generally bracket the HF/corr(DTQ) results.
As a double check, the LCAs computed from B3LYP/aug-cc-

VTZ(Li-C)//B3LYP/cc-pVDZ(Li-C) calculations (including
PE but not counterpoise corrections for BSSE) for all of these
omplexes are compared to experiment, which produces a MAD
f 10.9 ± 7.5 kJ mol−1. In addition, the B3LYP values are sys-
ematically higher than the HF/corr(DTQ) CBS limits, with a

AD of 5 ± 4 kJ mol−1. Thus, the MP2(full) approach pro-
ides better agreement with experiment and the CBS limits than
omparable B3LYP calculations.

.7. Assessment of literature data
Having examined the various theoretical approaches, it is
seful to now go back and reassess the literature values avail-
ble. For the most part, advanced theory and experimental LCAs

a
a
w
h

cc-pVDZ(Li-C) level. No zero point or counterpoise corrections.

gree well. As noted above, four values from our experimental
ata set were excluded in our comparisons because of the dis-
repant GIBMS and ICR values. For two of these, imidazole
nd (CH3OCH2)2, the GIBMS values agree better with the-
ry, Table 8, with the ICR values being too low and outside
xperimental error. Indeed, the theory value for (CH3OCH2)2 is
igher than the GIBMS experimental value (but within exper-
mental error), one of the few systems where this is the case.
or the other two systems, benzene and phenol, the ICR values
gree better with theory, with the GIBMS values being too high
lthough within experimental error for benzene. It is interesting
hat the three �-complexes, benzene, pyrrole, and phenol, all
xhibit this same trend, with GIBMS experiments being higher
han theory by 10.3, 13.0, and 25.9 kJ mol−1, respectively. In
hese systems, the lithium cation must interact with a diffuse �
loud, which may require that more diffuse basis functions are
ecessary to describe the cation-� interaction appropriately.

The other systems that have larger than usual discrepancies
etween theory and experiment include those that bind most
ightly: glycine (GIBMS lower than theory by 22 kJ mol−1),

denine (GIBMS higher than theory by 23 kJ mol−1), 2-
minopyridine (GIBMS higher than theory by 17 kJ mol−1, but
ithin the experimental error of 21 kJ mol−1), proline (GIBMS
igher than theory by 15 kJ mol-1), and HOC2H4NH2 (GIBMS
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igher than theory by 24 kJ mol−1). Alternate values avail-
ble in the literature from kinetic method measurements for
lycine and proline, Table 1, are in worse agreement with the-
ry. Those for uracil and adenine agree with the GIBMS values,
lthough this is somewhat fortuitous as they are referenced to the
CA for glycine taken from kinetic method experiments. The

wo ICR values with large discrepancies compared to theory,
CH3)NCHO and (CH3OCH2)2, are lower than the theoretical
alues by 16 and 25 kJ mol−1, respectively. In all of these sys-
ems, the ligands are bidentate, which could mean that theory is
aving difficulty with the strong ligand distortions and more dif-
use bonding involved in these complexes. These strong bonds
lso lead to large CID thresholds, which could lead to unexpected
ifficulties in the experimental analysis, as discussed above,
lthough such difficulties are not encountered for comparable
u+–L complexes that have even stronger bonds.

. Conclusions

An assessment of the discrepancy between experimental and
heoretical LCAs over a large range shows that core correla-
ion effects on the lithium cation are appreciable. Advanced
omputations that include such effects as well as CBS extrapo-
ations provide larger LCAs than most other methods, although
erendipitously, there are theoretical approaches that perform
lmost as well. Because the CBS approach requires use of
he computationally intensive aug-cc-pVQZ(Li-C) basis set,
e recommend that an adequate level of theory is provided
y a MP2(full)/aug-cc-pVTZ(Li-C)//MP2(full)/cc-pVDZ(Li-C)
pproach perhaps augmented by the Schwartz4(DT) CBS
xtrapolation approach.

These theoretical approaches accurately describe the bind-
ng energies of most of the complexes examined here, i.e., 20
ut of 29 systems are within experimental error and another
are just outside the experimental error limits. However, sev-

ral molecules still exhibit discrepancies between theory and
xperiment. Not surprisingly, these are usually localized among
he larger systems that often involve multidentate interactions
ith the lithium cation. Analysis of the experimental approach
f threshold collision-induced dissociation provides no obvious
easons for such difficulties, although difficulties with collect-
ng the light lithium ion may lead to CID cross-sections that are
ot accurately analyzed for their true thermodynamic thresh-
ld. These systems would be useful to examine using alternative
xperimental approaches (for example, by ligand exchange reac-
ions) to clarify whether theory or experiment introduces the

ost error.

cknowledgement

This work is supported by the National Science Foundation,
rants. CHE-0518262 (MTR) and CHE-0451477 (PBA). The

uthors thank Anita Orendt for her considerable help with run-

ing some of these calculations at the University of Utah Center
or High Performance Computing (CHPC) and Nalaka S. Ran-
ulu for his help running calculations on the GRID at Wayne
tate. Jack Simons is thanked for a number of illuminating con-

[
[

[
[

al of Mass Spectrometry 267 (2007) 167–182 181

ersations. A grant of computer time from the CHPC, partially
upported by NIH-NCRR Grant #1S1ORR17214, is gratefully
cknowledged. Some basis sets were obtained from the Extensi-
le Computational Chemistry Environment Basis Set Database,
ersion 02/02/06, and the Basis Set Library as developed and
istributed by the Molecular Science Computing Facility, Envi-
onmental and Molecular Sciences Laboratory which is part
f the Pacific Northwest Laboratory, P.O. Box 999, Richland,
ashington 99352, USA, and funded by the U.S. Department

f Energy. The Pacific Northwest Laboratory is a multi-program
aboratory operated by Battelle Memorial Institute for the U.S.
epartment of Energy under contract DE-AC06-76RLO 1830.

eferences

[1] P.B. Armentrout, M.T. Rodgers, J. Phys. Chem. A 104 (2000) 2238.
[2] M.B. More, E.D. Glendening, D. Ray, D. Feller, P.B. Armentrout, J. Phys.

Chem. 100 (1996) 1605.
[3] D. Ray, D. Feller, M.B. More, E.D. Glendening, P.B. Armentrout, J. Phys.

Chem. (1996) 16116.
[4] M.T. Rodgers, P.B. Armentrout, J. Phys. Chem. A 101 (1997) 1238.
[5] M.T. Rodgers, P.B. Armentrout, J. Phys. Chem. A 101 (1997) 2614.
[6] D. Walter, M.R. Sievers, P.B. Armentrout, Int. J. Mass Spectrom. 173 (1998)

93.
[7] M.T. Rodgers, P.B. Armentrout, Int. J. Mass Spectrom. 185–187 (1999)

359.
[8] M.T. Rodgers, P.B. Armentrout, J. Am. Chem. Soc. 122 (2000) 8548.
[9] J.C. Amicangelo, P.B. Armentrout, J. Phys. Chem. A 104 (2000) 11420.
10] R. Amunugama, M.T. Rodgers, Int. J. Mass Spectrom. 195–196 (2000)

439.
11] M.T. Rodgers, J.R. Stanley, R. Amunugama, J. Am. Chem. Soc. 122 (2000)

10969.
12] M.T. Rodgers, J. Phys. Chem. A 105 (2001) 8145.
13] H. Huang, M.T. Rodgers, J. Phys. Chem. A 106 (2002) 4277.
14] R. Amunugama, M.T. Rodgers, J. Phys. Chem. A 106 (2002) 5529.
15] R. Amunugama, M.T. Rodgers, J. Phys. Chem. A 106 (2002) 9092.
16] R. Amunugama, M.T. Rodgers, J. Phys Chem. A 106 (2002) 9718.
17] R. Amunugama, M.T. Rodgers, Int. J. Mass Spectrom. 222 (2003) 431.
18] R. Amunugama, M.T. Rodgers, Int. J. Mass Spectrom. 227 (2003) 1.
19] R. Amunugama, M.T. Rodgers, Int. J. Mass Spectrom. 227 (2003)

339.
20] Z. Yang, M.T. Rodgers, J. Am. Chem. Soc. 126 (2004) 16217.
21] C. Ruan, Z. Yang, N. Hallowita, M.T. Rodgers, J. Phys. Chem. A 109 (2005)

11539.
22] Z. Yang, M.T. Rodgers, Int. J. Mass Spectrom. 241 (2005) 225.
23] Z. Yang, M.T. Rodgers, J. Phys. Chem. A 1101 (2006) 1455.
24] R.M. Moision, P.B. Armentrout, J. Phys. Chem. A 110 (2006) 3933.
25] R.M. Moision, P.B. Armentrout, work in progress.
26] B. Stzaray, C. Iceman, P.B. Armentrout, work in progress.
27] R.L. Woodin, J.L. Beauchamp, J. Am. Chem. Soc. 100 (1978) 501.
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