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a b s t r a c t

Absolute (R1OH)Na+–(R2OH) and relative Na+–(ROH) bond dissociation energies are determined experi-
mentally by competitive collision-induced dissociation of (R1OH)Na+(R2OH) complexes with xenon in a
guided ion beam mass spectrometer. The alcohols examined include ethanol, 1-propanol, 2-propanol, n-
butanol, iso-butanol, sec-butanol, and tert-butanol, which cover a range in Na+ affinities of only 11 kJ/mol.
Dissociation cross sections for formation of Na+(R1OH) + R2OH and Na+(R2OH) + R1OH are simultane-
ously analyzed with a model that uses statistical theory to predict the energy dependent branching
ratio. The cross section thresholds thus determined are interpreted to yield the 0 K (R1OH)Na+–(R2OH)

+

uided ion beam mass spectrometry
etal ion–ligand complex

odium cation affinity
hermochemistry

bond dissociation energies and the relative 0 K Na –(ROH) binding affinities. The relative binding affini-
ties are converted to absolute 0 K Na+–(ROH) binding energies by using the absolute bond energy for
Na+–C2H5OH determined previously in our laboratory as an anchor value. Comparisons are made to
previous experimental and theoretical Na+–(ROH) thermochemistry from several sources. The absolute
(R1OH)Na+–(R2OH) bond dissociation energies were also calculated using quantum chemical theory at
the MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G(d) level (corrected for zero-point energies and basis set

are g
superposition errors) and

. Introduction

In the last decade, there have been several reviews and com-
rehensive studies regarding the gas-phase thermochemistry (both
xperimental and theoretical) of sodium cations with small organic
olecules [1–7]. The interest in this topic is a result of the impor-

ance of the sodium cation in biological systems [8], as well as the
ncreased use of gas-phase sodium cations in biological applications
f mass spectrometry [9]. Knowledge of accurate, absolute thermo-
hemistry for sodium cation complexes is necessary for a complete
nderstanding of the participation and binding characteristics of
odium ions in various biological systems. Sodium cation ligand
omplexes are also good systems to explore fundamental means of
etermining accurate thermodynamic information.

We have previously reported accurate Na+–L bond dissocia-

ion energies (BDEs) for L = H2O, C6H6, CH3OH, CH3OCH3, NH3, and
2H5OH, determined using competitive collision-induced dissocia-
ion (CCID) experiments of doubly ligated sodium cation complexes
L1Na+L2) [10]. This CCID study was undertaken because there

∗ Corresponding author. Tel.: +1 801 581 7885; fax: +1 801 581 8433.
E-mail address: armentrout@chem.utah.edu (P.B. Armentrout).

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2010.06.024
enerally in good agreement with the experimentally determined values.
© 2010 Elsevier B.V. All rights reserved.

was some disagreement in the literature, including previous work
from our laboratory, over the absolute and relative bond dissoci-
ation energies for the sodium cation to several of these ligands
[2]. Most notable were the discrepancies for the relative BDEs of
the sodium cation with benzene and water measured using sev-
eral different experimental techniques, such as high-pressure mass
spectrometry [11–13], FT-ICR equilibrium experiments [4], and
collision-induced dissociation (CID) studies [2,14,15]. As a result
of the CCID experiments, we were able to refine our previous abso-
lute Na+–L binding enthalpies for the ligands mentioned above and
resolve the discrepancies with the literature values. With the suc-
cess of the CCID method in refining these absolute Na+–L BDEs, we
then proceeded to closely examine the available published exper-
imental and theoretical absolute BDEs for the sodium cation with
the short chain alcohols [2,4,5,7,16] and realized that there was
again some disagreement among the various methods and theo-
retical treatments.

The present experiments were undertaken in an effort to deter-

mine more accurate relative and absolute Na+–(ROH) BDEs for
1-propanol (1-PrOH), 2-propanol (2-PrOH), n-butanol (n-BuOH),
iso-butanol (i-BuOH), sec-butanol (s-BuOH), and tert-butanol (t-
BuOH) by examining CID experiments on doubly ligated alcohol
complexes of the sodium cation, (R1OH)Na+(R2OH). The competi-

dx.doi.org/10.1016/j.ijms.2010.06.024
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:armentrout@chem.utah.edu
dx.doi.org/10.1016/j.ijms.2010.06.024
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ive dissociation channels have been simultaneously analyzed to
ield absolute (R1OH)Na+–(R2OH) and relative Na+–(ROH) bond
issociation energies at 0 K. From the relative Na+–(ROH) bind-

ng affinities and the use of an absolute anchor, D0[Na+–(EtOH)],
etermined from previous competitive CID experiments in our lab-
ratory [10], the absolute Na+–(ROH) binding energies for these
igands are obtained. The absolute Na+–(ROH) binding energies
etermined in this work are compared with available experi-
ental and theoretical literature values and are found to be in

ood agreement. The absolute (R1OH)Na+–(R2OH) bond energies
re also calculated using ab initio methods at the MP2(full)/6-
11+G(2d,2p)//MP2(full)/6-31G(d) level and are compared with
he experimental values.

. Experimental and computational methods

.1. General

The guided ion beam instrument on which these experiments
ere performed has been described in detail previously [17–19].
riefly, ions are created in a dc-discharge/flow tube ion source,
s described below. After extraction from the source, the ions are
ccelerated and passed through a magnetic sector for mass anal-
sis. The mass-selected ions are then decelerated to the desired
inetic energy and focused into an octopole ion beam guide. This
evice uses radio-frequency (rf) electric fields to trap the ions in
he radial direction and ensure complete collection of reactant and
roduct ions [20,21]. The current arrangement consists of two con-
ecutive octopole ion guides, having lengths 22.9 and 63.5 cm, with
distance between them of 1.0 mm. The rf voltage is the same for

he two octopoles but the dc voltage on the second octopole is
lightly more negative by 0.3 V for the current experiments. The
rst octopole passes through a gas collision cell of effective length
.26 cm that contains the neutral collision partner, Xe here, at a
airly low pressure (0.05–0.2 mTorr). The unreacted parent and
roduct ions drift to the end of the second octopole from which
hey are extracted, passed through a quadrupole mass filter for

ass analysis, and detected with a secondary electron scintilla-
ion ion detector using standard pulse counting techniques. Raw
on intensities are converted to cross sections as described pre-
iously [17]. Absolute cross section magnitudes are estimated to
e accurate to ±20%, while relative cross sections are accurate to
5%.

Laboratory (lab) energies are converted to center-of-mass (CM)
nergies using the conversion ECM = Elab M/(M + m), where M and m
re the reactant neutral and ion masses, respectively. All energies
ited below are in the CM frame unless otherwise noted. The abso-
ute energy scale and corresponding full width at half-maximum
fwhm) of the ion beam kinetic energy distribution are determined
sing the octopole as a retarding energy analyzer as described pre-
iously [17]. Because the reaction zone and the energy analysis
egion are physically the same, ambiguities in the energy anal-
sis resulting from contact potentials, space charge effects, and
ocussing aberrations are minimized [17]. The energy distributions
re nearly Gaussian and have typical fwhms of 0.2–0.4 eV (lab).

It has been shown previously [22–24] that the shape of collision-
nduced dissociation (CID) cross sections of ionic complexes is often
ffected by multiple collisions with the neutral reactant gas, even
hen the neutral gas pressure is fairly low. Because the presence

nd magnitude of these pressure effects is difficult to predict, we

easured the pressure dependence of all cross sections examined

ere. Three xenon pressures were used, approximately 0.20, 0.10,
nd 0.05 mTorr, for all of the (R1OH)Na+(R2OH) systems. All cross
ections shown below and all threshold analyses reported here are
or data that have been extrapolated to zero reactant pressure, as
rnal of Mass Spectrometry 301 (2011) 45–54

described previously [23], and therefore represent rigorous single
collision conditions.

2.2. Ion source

The sodium cation complexes are formed in a 1 m long flow tube
[18,23] operating at a pressure of 0.6–0.9 Torr with helium flow
rates of 6500–8500 sccm. Sodium ions are generated in a contin-
uous dc discharge by argon ion sputtering of a tantalum cathode
with a cavity containing sodium metal. Typical operating condi-
tions of the discharge source are 1.8–2.5 kV and 12–22 mA in a flow
of roughly 10% argon in helium. Vapors of the alcohol ligands are
introduced into the flow approximately 50 cm downstream from
the dc discharge. The (R1OH)Na+(R2OH) complexes are formed by
associative reactions of the sodium cations with the neutral ligands
and are stabilized by collisions with the surrounding bath gas. The
flow conditions used in this ion source provide greater than 104

collisions with the He buffer gas, such that the ions are believed to
be thermalized to 300 K, both vibrationally and rotationally. In our
analysis of the data, we assume that the ions are in their ground
electronic states and that their internal energy is well character-
ized by a Maxwell–Boltzmann distribution of ro-vibrational states
at 300 K. Previous work from this laboratory has shown that these
assumptions are generally valid [22–28].

2.3. Thermochemical analysis

As described in detail previously [29], the threshold regions of
the competitive collision-induced dissociation cross sections are
modeled using Eq. (1),

�j(E) =
(n�0,j

E

)∑
i

gi

∫ E

E0,j−Ei

[
kj(E∗)

ktot(E∗)

][
1 − e−ktot (E∗)�

]

× (E − ε)n−1 d(ε) (1)

where n is an adjustable parameter that describes the energy depo-
sition efficiency during collision [19], �0,j is an energy-independent
scaling factor for channel j, E is the relative translational energy of
the reactant ion and neutral, E0,j is the CID threshold at 0 K for chan-
nel j, � is the experimental time for dissociation (∼5 × 10−4 s in the
dual octopole), ε is the energy transferred from translation into
internal energy of the complex during the collision between the
reactants, and E* is internal energy of the energized molecule (EM)
after the collision, i.e., E* = Ei + ε. The term kj(E*) is the unimolecu-
lar rate constant for dissociation to channel j. This rate constant
and ktot(E*) are defined using Rice–Ramsperger–Kassel–Marcus
(RRKM) theory [30–32] as,

ktot(E∗) =
∑

j

kj(E
∗) =

∑
j

djN
†
j
(E∗ − E0,m)

h�(E∗)
(2)

where dj is the reaction degeneracy, N†
j
(E∗ − E0,j) is the sum of

ro-vibrational states of the transition state (TS) for channel j at
an energy E* − E0,j, and �(E*) is the density of states of the EM at
the available energy, E*. The summation in Eq. (1) is over the ro-
vibrational states of the reactant ion, i, where Ei and gi are the
energy and the population (

∑
gi = 1) of each state, respectively.

The populations of ro-vibrational excited levels are not negligi-
ble at 300 K as a result of the many low-frequency modes present
in these (R1OH)Na+(R2OH) complexes. The relative reactivities of

all ro-vibrational states, as reflected by the parameters �0,j and n,
are assumed to be equivalent. Vibrational frequencies (Table 1S)
and rotational constants (Table 2S) for the (R1OH)Na+(R2OH) com-
plexes are taken from quantum chemical calculations and scaled
to bring the calculated frequencies into general agreement with
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he experimentally determined frequencies as found elsewhere
33,34]. The Beyer–Swinehart algorithm [35–37] is used to evalu-
te the ro-vibrational density of states of the reactant ions and the
elative populations, gi, are calculated for a Maxwell–Boltzmann
istribution at 300 K. The scaled vibrational frequencies for the
eactants and all products were simultaneously increased and
ecreased by 10%, in order to estimate errors in the calculated fre-
uencies. The uncertainty that this introduces into the analysis is

ncluded in the final uncertainties listed for the CID thresholds, E0,j,
nd the other fitting parameters.

As mentioned above and described in detail elsewhere
25,26,38,39], statistical theories are used to determine the
nimolecular rate constants for dissociation. This requires ro-
ibrational frequencies for the energized molecules and the
ransition states (TS) leading to dissociation. Because the

etal–alcohol interactions in the (R1OH)Na+(R2OH) complexes
re largely electrostatic, the most appropriate model for the TS
s a loose association of the ion and neutral alcohol fragments.
his TS is located at the centrifugal barrier for the interaction
f (R1OH)Na+ with R2OH and (R2OH)Na+ with R1OH. Therefore,
he TS vibrations used here are the frequencies corresponding to
he dissociation products. The previously calculated vibrational
requencies for Na+(ROH) and ROH were used here [16]. The tran-
itional modes, those that become rotations of the completely
issociated products, are treated as rotors, a treatment that cor-
esponds to a phase space limit (PSL), described in detail elsewhere
38,39]. The two-dimensional (2D) external rotations of the TS are
reated adiabatically, but with centrifugal effects included [40]. The
otational constants of the energized molecule and the transition
tate for each (R1OH)Na+(R2OH) complex are listed in Table 2S.

The basic form of Eq. (1) is expected to be appropriate for trans-
ationally driven reactions [41] and has been found to reproduce
eaction cross sections well for a number of previous studies of
oth atom-diatom and polyatomic reactions [42], including CID
rocesses [2,14,15,24–28,38,43–48]. The model of Eq. (1) is con-
oluted with the kinetic energy distribution of the reactants before
omparison to the data. The parameters �0,j, n, and E0,j are opti-
ized by performing a nonlinear least-squares analysis of the data.
n estimate of the error associated with the measurement of E0,j is
etermined from the range of threshold values obtained for dif-
erent data sets, for variation of the parameter n, for variations
ssociated with the ±10% uncertainties in the vibrational frequen-
ies, for the effects of increasing and decreasing the time available
or the ions to dissociate (5 × 10−4 s) by factors of 2, and for the
rror in the absolute energy scale, ±0.05 eV (lab).

Because all sources of internal energy are included in the data
nalysis of Eq. (1), the thresholds obtained correspond to the
inimum energy necessary for dissociation, in other words, the
K value. This assumption has been tested for several systems

24–28,46]. It has been shown that treating all of the energy of
he ion (vibrational, rotational, and translational) as capable of
oupling with the reaction coordinate leads to reasonable ther-
ochemistry. The 0 K threshold energies for the CID reactions of

R1OH)Na+(R2OH) with Xe, E0,j, are converted to 0 K bond dis-
ociation energies (BDEs), D0,j, by assuming that E0,j represents
he energy difference between reactants and products at 0 K [25].
his assumption requires that there are no activation barriers in
xcess of the bond endothermicities, which is generally true for
on-molecule reactions [42] and should be true for the simple het-
rolytic bond fission reactions examined here [49].
.4. Computational details

Quantum chemical calculations were performed using Gaus-
ian 98 [50] for the (R1OH)Na+(R2OH) complex ions in order to
btain geometrical structures, vibrational frequencies, rotational
rnal of Mass Spectrometry 301 (2011) 45–54 47

constants, and the energetics of dissociation of the ions. Geometry
optimizations were performed first at the RHF/6-31G(d) level, fol-
lowed by optimization at the MP2(full)/6-31G(d) level. It has been
demonstrated that the MP2(full)/6-31G(d) level provides a rea-
sonably good geometrical description of sodium cation complexes
with various ligands [1,2,4]. Vibrational frequencies and rotational
constants of the (R1OH)Na+(R2OH) complexes were also deter-
mined at the MP2(full)/6-31G(d) level. The lowest frequency for
the (R1OH)Na+(R2OH) complexes was calculated to be a very low
positive value (8–18 cm−1) and corresponds to the synchronous
torsional motion of the two ligands about the (R1OH)–Na+–(R2OH)
bond axis. For all (R1OH)Na+(R2OH) complexes, our data anal-
ysis treated this motion as a one dimensional internal rotor,
Itorsion = I1I2/(I1 + I2), as described by Gilbert and Smith [30]. When
used to model data or calculate thermal energy corrections, the
MP2(full)/6-31G(d) calculated vibrational frequencies were scaled
by a factor of 0.9646 [51].

In order to determine the (R1OH)Na+(R2OH) bond energet-
ics, single-point energy calculations were performed at the
MP2(full)/6-311+G(2d,2p) level using the MP2(full)/6-31G(d) opti-
mized geometries of the (R1OH)Na+(R2OH) complexes. Using these
energies and the energies of the sodium ion and the two neutral
ligands, calculated at the same level, the bond energy sum for com-
plete dissociation, i.e., Na+–(R1OH)(R2OH), was calculated. Basis set
superposition errors (BSSE) in the calculated Na+–(R1OH)(R2OH)
binding energies were estimated using the full counterpoise correc-
tion method [52,53]. The BSSE corrections ranged from 13.0 kJ/mol
for (EtOH)Na+(2-PrOH) to 18.3 kJ/mol for (1-PrOH)Na+(i-BuOH).
The calculated Na+–(R1OH)(R2OH) BDEs were also corrected for
zero-point energies (ZPEs) using the scaled vibrational frequen-
cies calculated at the MP2(full)/6-31G(d) level. The BSSE and ZPE
corrected Na+–(R1OH)(R2OH) BDEs were then combined with the
previous theoretical Na+–(ROH) BDEs calculated at the same level
of theory and corrected for ZPE and BSSE [2] to afford the desired
(R1OH)Na+–(R2OH) and (R2OH)Na+–(R1OH) BDEs.

3. Results

3.1. Collision-induced dissociation of (R1OH)Na+(R2OH)

Collision-induced dissociation cross sections were obtained
for 12 doubly ligated complexes of the sodium cation with
alcohols, (R1OH)Na+(R2OH), where R1OH, R2OH EtOH, 1-PrOH,
2-PrOH, n-BuOH, i-BuOH, s-BuOH, t-BuOH, reacting with xenon.
No systems where R1OH R2OH were studied in the present
work. Representative CID data are shown in Fig. 1 for the
(2-PrOH)Na+(i-BuOH), (1-PrOH)Na+(n-BuOH), (EtOH)Na+(2-PrOH),
and (EtOH)Na+(t-BuOH) complexes. The CID data of the eight
remaining (R1OH)Na+(R2OH) systems examined can be obtained
from Figure 1S of the Supplementary Data.

The dominant processes observed for all systems are the losses
of the intact ligands, reaction (3), over the energy ranges examined,
0–4 eV.

(R1OH)Na+(R2OH) + Xe → (R1OH)Na+ + R2OH + Xe (3a)

(R1OH)Na+(R2OH) + Xe → (R2OH)Na+ + R1OH + Xe (3b)

The CID cross sections displayed in Fig. 1 are typical results
observed in our laboratory for competitive dissociation of doubly
ligated metal ion complexes [10,29]. In these systems, the cross
sections for the formation of the lowest energy process rise rapidly

from baseline with increasing energy. The cross sections then begin
to level off and decline at higher energies. The higher energy
Na+(ROH) products have cross sections that rise more slowly than
the lower energy channels, but their increases correspond with
the leveling off and decline of the first product channel cross sec-
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ig. 1. Cross sections for collision-induced dissociation of (a) (2-PrOH)Na+(i-BuO
enon as a function of kinetic energy in the center-of-mass frame (lower axis) and l
he symbols represent data extrapolated to zero pressure.

ions. This behavior indicates that the two dissociation channels
re indeed in competition with one another. Another sign of this
ompetition is the smooth increases in the total cross sections as
nergy is varied. At the highest energies examined, the sequential
oss of both ligands can occur, forming Na+.

.2. Competitive threshold analysis

In a previous competitive CID study for (R1OH)Li+(R2OH) com-
lexes using guided ion beam mass spectrometry [29], we showed
hat the best measure of the dissociation thresholds, E0,j, for

etal–ligand complex ions in which competition occurs comes
rom the simultaneous analysis of the cross sections for these dis-
ociation products, reactions (3) in the current (R1OH)Na+(R2OH)
ystems. These competitive CID processes were analyzed using
q. (1) with explicit integration over the rotational energy dis-

ribution [39,54] and the two cross sections were modeled using

single scaling factor, �0,j, for the two channels such that the
nergy dependent ratio of the cross section magnitudes is deter-
ined solely by the statistical rate constant ratio, kj(E*)/ktot(E*).

n our earlier study of the competitive CID of L1Na+L2 complexes,
(1-PrOH)Na+(n-BuOH), (c) (EtOH)Na+(2-PrOH), and (d) (EtOH)Na+(t-BuOH) with
ory frame (upper axis). Solid lines show the total cross section for each system and

it was shown that the former constraint was necessary in order
to obtain a consistent set of relative and absolute Na+–L bond
dissociation energies [10]. The results of the competitive thresh-
old analyses for the (R1OH)Na+(R2OH) complexes are presented in
Table 1 and representative fits using Eq. (1) are shown in Fig. 2 for
(2-PrOH)Na+(i-BuOH), (1-PrOH)Na+(n-BuOH), (EtOH)Na+(2-PrOH),
and (EtOH)Na+(t-BuOH). Representative fits using Eq. (1) for all
other (R1OH)Na+(R2OH) complexes are given in Fig. 2S of the Sup-
plementary Data. As can be seen from Figs. 2 and 2S, good
reproduction of the data is obtained over energy ranges up to
1.2–1.6 eV and over cross section magnitudes of at least a factor
of 100 for all complexes.

3.3. Relative and absolute Na+–(ROH) bond dissociation energies

Measurements of the threshold energies for the dissocia-

tion processes in reaction (3) provide absolute metal–ligand
bond energies for the second ligand, as well as relative
bond energies for the doubly ligated metal ion complexes,
�E0 = D0(L2M+–L1)–D0(L1M+–L2) [10,29]. Because the sum of
the two bond energies is independent of the order in which
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Table 1
Competitive fitting parameters of Eq. (1), threshold dissociation energies at 0 K, relative threshold energies, and entropies of activation at 1000 K of (R1OH)Na+(R2OH)a.

Complex Ionic product �0 n E0 (eV) �E0 (eV)b �S† (J/K mol)

(EtOH)Na+(1-PrOH) Na+(1-PrOH) Na+(EtOH) 73 (3) 1.0 (0.2) 0.97 (0.05)1.00 (0.05) 0.0357 (0.003) 20 (4) 25 (4)
(EtOH)Na+(2-PrOH) Na+(2-PrOH) Na+(EtOH) 73 (2) 1.1 (0.2) 0.94 (0.05)1.01 (0.05) 0.0674 (0.003) 20 (4) 24 (4)
(EtOH)Na+(n-BuOH) Na+(n-BuOH) Na+(EtOH) 79 (3) 1.0 (0.2) 0.96 (0.05)1.02 (0.05) 0.0667 (0.003) 19 (4) 27 (4)
(EtOH)Na+(i-BuOH) Na+(i-BuOH) Na+(EtOH) 83 (4) 1.1 (0.2) 0.94 (0.05)1.01 (0.05) 0.0671 (0.003) 22 (4) 32 (4)
(EtOH)Na+(s-BuOH) Na+(s-BuOH) Na+(EtOH) 85 (4) 1.0 (0.2) 0.98 (0.05)1.09 (0.05) 0.1117 (0.004) 19 (4) 28 (4)
(EtOH)Na+(t-BuOH) Na+(t-BuOH) Na+(EtOH) 72 (2) 1.2 (0.2) 0.92 (0.04)1.04 (0.04) 0.1131 (0.003) 20 (4) 26 (4)
(1-PrOH)Na+(n-BuOH) Na+(n-BuOH)Na+(1-PrOH) 84 (8) 1.1 (0.2) 0.93 (0.05)0.96 (0.05) 0.0287 (0.003) 25 (4) 29 (4)
(1-PrOH)Na+(i-BuOH) Na+(i-BuOH) Na+(1-PrOH) 79 (8) 1.1 (0.2) 0.93 (0.05)0.96 (0.05) 0.0296 (0.003) 27 (4) 33 (4)
(2-PrOH)Na+(n-BuOH) Na+(2-PrOH)Na+(n-BuOH) 69 (2) 1.1 (0.2) 0.97 (0.05)0.97 (0.05) 0.0028 (0.0007) 27 (4) 33 (4)
(2-PrOH)Na+(i-BuOH) Na+(2-PrOH) Na+(i-BuOH) 73 (3) 1.3 (0.3) 0.92 (0.06)0.92 (0.06) 0.0014 (0.001) 33 (4) 27 (4)
(2-PrOH)Na+(s-BuOH) Na+(s-BuOH)Na+(2-PrOH) 75 (7) 1.2 (0.3) 0.95 (0.07)0.98 (0.07) 0.036 (0.002) 23 (4) 28 (4)
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(2-PrOH)Na+(t-BuOH) Na+(t-BuOH)Na+(2-PrOH) 68 (5)

a Uncertainties in parenthesis.
b The digit past the uncertainty is indicated as a subscript.

he ligands are removed, �E0 also equals the relative bind-
ng energy of the metal ion to the two individual ligands,
0(M+–L1)–D0(M+–L2). The relative thresholds, �E0, determined
ere for the (R1OH)Na+(R2OH) complexes are given in Table 1.
he relative M+–L bond energies can then be converted to abso-
ute M+–L bond energies using a reliable absolute metal ion–ligand
ond energy as an anchor value. The advantage of using competitive
ID of doubly ligated metal ion complexes to determine the abso-

ute BDEs of singly ligated metal ion complexes is that the relative
hresholds measured using this method are more precise than those
etermined from independent absolute CID measurements [10,29].
uch measurements are particularly useful in resolving discrepan-
ies in the literature or for relative binding energies that are smaller
han the uncertainties obtained in the absolute CID measurements,
hich are typically ±0.05–0.10 eV. For the present work, we have

hosen our anchor value as the absolute Na+–EtOH bond disso-

iation energy, 110.0 ± 5.5 kJ/mol, previously determined in our
aboratory using competitive CID [10]. To determine the best set
f relative Na+–(ROH) binding affinities, we use a least-squares
inimization of the deviations (�2) of the relative values from the

xperimental relative thresholds (referenced to EtOH as zero) using

able 2
elative and absolute 0 K Na+–(ROH) bond dissociation energies (kJ/mol) derived from l
heoretical bond dissociation energiesa.

ROH Experiment Theory

Relative CCIDb Absolute CCIDc Absolute CIDd FT-ICRe MP2d

MeOH 12.7 (1.6)h 97.3 (5.5)h 91.7 (5.7) 98.4 (5.1) 100.0
98.7 (1.6)i

EtOH 0.00 110.0 (5.5)h 102.0 (3.7) 110.1 (5.1) 108.9
1-PrOH 3.55 (0.11) 113.5 (5.5) 108.0 (4.1) 113.5 (5.2) 112.0
n-BuOH 6.36 (0.03) 116.3 (5.5) 109.4 (4.7) 114.1 (5.2) 114.5
i-BuOH 6.48 (0.03) 116.4 (5.5) 105.2 (5.7) 114.5 (5.2) 112.6
2-PrOH 6.63 (0.08) 116.5 (5.5) 113.2 (4.3) 116.5 (5.1) 113.0
s-BuOH 10.23 (0.38) 120.2 (5.5) 117.2 (5.1) 123.2 (5.2) 117.1
t-BuOH 11.03 (0.23) 121.0 (5.5) 116.5 (4.1) 118.3 (5.2) 116.8

MAD CIDj 6.0 (2.7) 5.8 (2.3) 4.0 (
MAD CCIDk 6.0 (2.7) 1.4 (1.1) 2.7 (

a Uncertainties in experimental values are in parentheses.
b Relative BDEs from competitive CID, present work.
c Absolute BDEs from competitive CID, present work.
d Ref. [16]. MP2 = MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G(d).
e Obtained using experimental �G298 values from McMahon and Ohanessian [4] and en

16]. For the entropy and 298 to 0 K enthalpic corrections, two of the internal rotors of th
f B3LYP = B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d), B3P86 = B3P86/6-311+G(2d,2p)//B3
g Values from Ref. [7]. The CP-dG2thaw method is a variation of the standard G2 calcul

ef. [7] and references therein.
h Ref. [10].
i Obtained using experimental �H298 reported by Hoyau et al. [1] and an enthalpy co
eOH internal rotor as a hindered rotor.
j Mean absolute deviation from direct CID results.
k Mean absolute deviation from competitive CID results.
0

3) 0.95 (0.09)1.00 (0.09) 0.0478 (0.004) 20 (4) 23 (4)

the procedure detailed by DeTuri and Ervin [54]. The set of relative
Na+–(ROH) binding energies resulting from this minimization pro-
cedure are listed in Table 2 for the seven alcohols studied in this
work. To determine absolute Na+–(ROH) binding energies, the rel-
ative binding energies are combined with the absolute anchor value
for Na+–EtOH and these values are also listed in Table 2.

3.4. Theoretical results

The structures for all the (R1OH)Na+(R2OH) complexes stud-
ied experimentally were calculated at the MP2(full)/6-31G(d) level
of theory. Details of the final optimized geometries are given in
Table 3 for all the (R1OH)Na+(R2OH) complexes and the pictorial
representations of the optimized structures of (EtOH)Na+(n-BuOH),
(EtOH)Na+(s-BuOH), (1-PrOH)Na+(i-BuOH), and (2-PrOH)Na+(t-
BuOH) are displayed in Fig. 3. The pictorial representations of the

optimized structures for the remaining eight (R1OH)Na+(R2OH)
complexes are given in Figure 3S of the Supplementary Data.

As can be seen in Table 3, the calculations predict that the Na+–O
distances are essentially equivalent for all alcohols, regardless of
the identity, with values between 2.21–2.23 å. For all of the com-

east-squares minimization of CCID fitting along with literature experimental and

G2d CBS-Qd B3LYPf B3P86f CP-dG2thawg

98.5 96.2 105.2 100.8 100.3

107.6 104.4 114.7 111.1 109.3
112.0 108.7 115.1 111.0 109.8
113.9 109.4 121.8 116.1
112.0 115.2 119.7 114.5
109.0 117.0 119.5 115.6 114.6
116.4 118.9 125.0 119.2
115.7 113.5 123.3 119.0 118.3

3.4) 4.2 (2.4) 3.3 (3.1) 10.1 (3.4) 5.5 (3.4) 4.2 (3.5)
1.1) 3.6 (2.1) 3.8 (2.9) 4.1 (2.0) 1.6 (1.1) 2.4 (1.1)

thalpy and entropy corrections determined at the MP2(full)/6-31G(d) level, Table 5
e neutral alcohols were treated as hindered rotors as described in the text [10,55].
P86/6-31G(d), Ref. [2].
ation method that is tailored for calculations involving one or more metal ions. See

rrection determined at the MP2(full)/6-31G(d) level [16], but treating the neutral
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ig. 2. Zero pressure extrapolated cross sections for the competitive collision-ind
EtOH)Na+(2-PrOH), and (d) (EtOH)Na+(t-BuOH) with xenon in the threshold regio
rame (upper axis). Solid lines show the best fits to the data using the model of Eq.
eactants. Dashed lines show the model cross sections in the absence of experimen

lexes, the O′–Na+–O angles are nearly linear, with values between
75.1◦ and 178.5◦. For the Na+–O–C angles, the values are all pre-
icted to be close to 120◦, i.e., along the local dipole moment, with
ome small systematic differences that appear to be related to the
dentity of the alcohol. For example, when the alcohol is n-BuOH the
a+–O–C angles are in the range of 117.9–118.2◦ and when the alco-
ol is EtOH the Na+–O–C angles are in the range of 121.1–121.2◦.
he Na+–O distances and Na+–O–C angles determined here for the
R1OH)Na+(R2OH) complexes are also roughly equivalent to those
eported previously for the singly ligated Na+–(ROH) complexes
ith the same alcohols, also calculated at the MP2(full)/6-31G(d)

evel of theory [16]. This suggests that the binding of the second
lcohol does not perturb the geometry of the sodium cation with
he first alcohol to a great extent. Also, in all cases, the geome-
ry of the alcohol when complexed to the sodium cation is very
lose to the geometry of the free alcohol, indicating very little dis-

ortion upon complexation. The parameter that varies the most
mong the (R1OH)Na+(R2OH) complexes is the C′–O′–O–C dihe-
ral angle (which describes the relative orientations of the two
lcohol ligands) with values between 67.2◦ and 82.2◦. The opti-
ized structures displayed in Figs. 3 and 3S are the global minima
dissociation processes of (a) (2-PrOH)Na+(i-BuOH), (b) (1-PrOH)Na+(n-BuOH), (c)
function of kinetic energy in the center-of-mass frame (lower axis) and laboratory
nvoluted over the neutral and ion kinetic energies and the internal energies of the
ergy broadening for reactants with an internal energy of 0 K.

along the C′–O′–O–C dihedral angle coordinate, as these are the
lowest energy structures obtained when geometry optimizations
were started with initial dihedral angles set at either 90.0◦ or 180.0◦.

It is interesting that the optimized C′–O′–O–C dihedral angles
are all close to 90.0◦. A value of 180.0◦ might be expected to
minimize repulsive interactions between the two alcohol ligands.
Examination of the geometries of the doubly ligated complexes
shows that there are attractive electrostatic interactions between
the C�Hx groups and the sodium ion, with Na–H distances between
2.46 and 2.85 å. These interactions have been described previously
for the complexes containing only a single ligand [16]. Clearly, such
interactions must involve electron donation from the alkyl groups
to empty orbitals on the sodium cation. If the latter involve the
empty 3p orbitals, then donation into distinct 3p� orbitals would
maximize the acceptor ability and lead to geometries having per-
pendicular dihedral angles, as observed.
Theoretical (R1OH)Na+–(R2OH) bond dissociation energies were
calculated using the MP2(full)/6-31G(d) optimized geometries and
single-point energy calculations at the MP2(full)/6-311+G(2d,2p)
level, with zero-point energy and counterpoint corrections as
described above. These values are listed in Table 4 along with the
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Table 3
Geometrical parameters of the MP2(full)/6-31G(d) optimized structures of the (R1OH)Na+(R2OH) complexesa.

Complex Na+–O distances (Å)b ∠O′Na+O (◦) ∠Na+OC (◦)b ∠C′–O′–O–C
Dihedral angle (◦)

(EtOH)Na+(1-PrOH) 2.22 (E), 2.22 (1P) 176.7 121.1 (E), 119.4 (1P) 80.1
(EtOH)Na+(2-PrOH) 2.22 (E), 2.22 (2P) 176.3 121.2 (E), 121.3 (2P) 81.3
(EtOH)Na+(n-BuOH) 2.23 (E), 2.22 (nB) 177.0 121.2 (E), 118.2 (nB) 77.4
(EtOH)Na+(i-BuOH) 2.23 (E), 2.22 (iB) 175.1 121.1 (E), 119.4 (iB) 69.2
(EtOH)Na+(s-BuOH) 2.23 (E), 2.22 (sB) 177.2 121.1 (E), 120.2 (sB) 82.2
(EtOH)Na+(t-BuOH) 2.23 (E), 2.21 (tB) 176.4 121.2 (E), 121.5 (tB) 79.5
(1-PrOH)Na+(n-BuOH) 2.22 (1P), 2.22 (nB) 178.5 119.3 (1P), 117.9 (nB) 77.6
(1-PrOH)Na+(i-BuOH) 2.22 (1P), 2.22 (iB) 175.9 119.4 (1P), 119.4 (iB) 67.2
(2-PrOH)Na+(n-BuOH) 2.22 (2P), 2.22 (nB) 176.4 121.3 (2P), 118.0 (nB) 78.5
(2-PrOH)Na+(i-BuOH) 2.22 (2P), 2.22 (iB) 175.4 121.2 (2P), 119.3 (iB) 69.3
(2-PrOH)Na+(s-BuOH) 2.22 (2P), 2.22 (sB) 177.1 121.3 (2P), 120.1 (sB) 79.0

1

toms
E = EtO

c
d

4

4

l
t
r
b
a
a
p
d
a
F
C

F
3

(2-PrOH)Na+(t-BuOH) 2.22 (2P), 2.21 (tB) 177.

a O and O′ are the oxygen atoms in the two alcohols and C and C′ are the carbon a
b The designations in parenthesis refer to the alcohol to which the value applies;

urrent experimental (R1OH)Na+–(R2OH) bond dissociation energy
eterminations.

. Discussion

.1. Relative and absolute Na+–(ROH) bond dissociation energies

The best set of relative Na+–(ROH) BDEs determined from the
east-squares minimization of the deviations of all of the competi-
ive threshold analyses (Table 1) are presented in Table 2. From the
elative Na+–(ROH) BDEs, absolute Na+–(ROH) BDEs are obtained
y using the Na+–EtOH absolute anchor value (110.0 ± 5.5 kJ/mol)
nd these values are also listed in Table 2. Also listed in Table 2
re experimental BDEs determined from direct CID experiments

erformed previously in our laboratory [16], experimental BDEs
erived from FT-ICR ligand exchange equilibrium experiments [4],
nd theoretical BDEs calculated at several levels of theory [2,7,16].
ig. 4 shows each of these correlated with the present absolute
CID values. Although methanol (MeOH) was not part of the current

ig. 3. Ground state geometries of (EtOH)Na+(n-BuOH), (EtOH)Na+(s-BuOH), (1-PrOH)N
1G(d) level of theory.
121.2 (2P), 121.4 (tB) 80.0

bonded to O and O′ , respectively.
H, 1P = 1-PrOH, 2P = 2-PrOH, nB = n-BuOH, iB = i-BuOH, sB = s-BuOH, tB = t-BuOH.

experimental study, the available experimental and theoretical lit-
erature values of the absolute Na+–MeOH BDE are included in
Table 2 for completeness [1,2,4,7,10,16]. Theoretical Na+–(ROH)
BDEs calculated at the B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d),
B3P86/6-311+G(2d,2p)//B3P86/6-31G(d), and G2 levels were pre-
viously reported in our group [2,16] but did not include the four
butanols. Therefore, the appropriate calculations were performed
in the current work in order to have a complete set of calcu-
lated Na+–(ROH) BDEs at each level of theory. The literature FT-ICR
results [4] are actually free energies of sodium cation binding to
the alcohols and were converted to the BDEs listed in Table 2
using enthalpic and entropic correction factors determined primar-
ily from molecular constants obtained at the MP2(full)/6-31G(d)
level [16]. In our previous study of the competitive CID of L1Na+L2

complexes [10], it was determined that for the calculation of the
dissociation entropy and the 298 to 0 K enthalpic conversion of
Na+–EtOH, it was necessary to treat the CH3 and OH internal rota-
tions of the neutral EtOH product as hindered rotors rather than as
vibrators or free rotors. This same approach was applied to the cal-

a+(i-BuOH), and (2-PrOH)Na+(t-BuOH) complexes, optimized at the MP2(full)/6-
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Table 4
Experimental and theoretical bond dissociation energies (in kJ/mol) of (R1OH)Na+–(R2OH) at 0 Ka.

R1OH R2OH

EtOH 1-PrOH n-BuOH i-BuOH 2-PrOH s-BuOH t-BuOH

None 110.0 (5.5)b 113.5 (5.5)b 116.3 (5.5)b 116.4 (5.5)b 116.5 (5.5)b 120.2 (5.5)b 121.0 (5.5)b

108.9c 112.0c 114.5c 112.6c 113.0c 117.1c 116.8c

EtOH 96.5 (4.8) 98.4 (4.8) 97.4 (4.8) 97.4 (4.8) 105.2 (4.8) 100.3 (3.8)
95.3 97.4 95.0 99.3 99.5 99.5

1-PrOH 93.6 (4.8) 92.6 (4.8) 92.6 (6.8)
92.2 96.6 94.2

n-BuOH 92.6 (4.8) 89.7 (4.8) 93.6 (4.8)
91.8 94.1 102.7

i-BuOH 90.7 (4.8) 89.7 (4.8) 88.8 (5.8)
91.3 93.6 94.6

2-PrOH 90.7 (4.8) 93.6 (4.8) 88.8 (5.8) 94.6 (6.8) 96.5 (8.7)
95.2 104.2 94.2 98.7 98.7

s-BuOH 94.6 (4.8) 91.7 (6.8)
91.3 94.6

t-BuOH 88.8 (3.8) 91.7 (8.7)
91.6 94.9
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a Uncertainties in parentheses. MP2(full)/6-311+G(2d,2p)//MP2(full)/6-31G(d) v
able 1, except as noted.
b Absolute CCID values from Table 2.
c MP2 values from Ref. [16].

ulation of the dissociation entropies and the 298 to 0 K enthalpic
onversion factors for all of the Na+–(ROH) complexes. Two hin-
ered rotors were used in the treatment of the current set of neutral
lcohols, the first being the OH internal rotor for each alcohol and
he second being the internal rotor (CH3, C2H5, or C3H7) associ-
ted with the part of the alkyl chain interacting with the Na+ as
udged by the optimized Na+–(ROH) structures. The hindered rotor
arameters for all of the neutral alcohols were taken from the work
f Chao et al. [55], which does not include i-BuOH. Because the por-
ion of the alkyl chain interacting with the Na+ ion in Na+–(i-BuOH)
ooks similar to that of Na+–(2-PrOH), the hindered rotor parame-

ers for 2-PrOH were used in this case. The enthalpic and entropic
orrection factors resulting from this procedure for the Na+–(ROH)
omplexes are given in Table 5.

As can be seen from Table 2 and Fig. 4, the agreement
etween the absolute Na+–(ROH) BDEs determined from compet-

ig. 4. Absolute 0 K Na+–(ROH) bond dissociation energies determined by (a) direct CID
nverted triangles with error bars, Ref. [4]) and (b) theoretical calculations at the MP2(fu
nd present work), CBS-Q (inverted triangles, Ref. [16]), B3LYP/6-311+G(2d,2p)//B3LYP/6
1G(d) (squares, Ref. [2] and present work), and CP-dG2thaw (hexagons, Ref. [7]) levels of
iagonal line indicates the values for which literature values are equal to the CCID values. M
B = t-BuOH.
including ZPE and BSSE corrections, are in italics. Experimental values taken from

itive CID (CCID) with the FT-ICR and all theory values is quite
good, with mean absolute deviations (MADs) between 1.4 and
4.1 kJ/mol. Although there is a larger disagreement between the
CCID values and those obtained from direct CID measurements
(MAD = 6.0 ± 2.7 kJ/mol, eight values), the direct CID values do
agree with the current ligand exchange values within the com-
bined uncertainties of the two measurements. Examination of the
deviations between the direct CID and CCID values reveals a sys-
tematic deviation towards higher values for the CCID BDEs by
3.0–11.2 kJ/mol, which is primarily a result of the shift in the
Na+–(EtOH) BDE, used as the anchor value in the current study. In

an effort to determine the underlying cause of this systematic devi-
ation, particularly for the Na+–(EtOH) and Na+–(i-BuOH) systems
which have the largest absolute deviations (8.0 and 11.2 kJ/mol,
respectively), we remodeled some of the original data sets for
these complexes with two new features currently incorporated

(open triangles with error bars, Ref. [16]) and FT-ICR equilibrium studies (open
ll)/6-311+G(2d,2p)//MP2(full)/6-31G(d) (triangles, Ref. [16]), G2 (circles, Ref. [16]
-31G(d) (diamonds, Ref. [2] and present work), B3P86/6-311+G(2d,2p)//B3P86/6-
theory versus competitive CID (CCID) bond dissociation energies from Table 2. The
= MeOH, E = EtOH, 1P = 1-PrOH, 2P = 2-PrOH, nB = n-BuOH, iB = i-BuOH, sB = s-BuOH,
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Table 5
Enthalpies and free energies (in kJ/mol) for Na+–(ROH) at 0 and 298 Ka.

ROH �H0
b �H298 − �H0

c �H298 T�S298
c �G298 �G298 (FT-ICR)d

MeOH 97.3 (5.5) 1.7 (1.4) 99.0 (5.6) 27.7 (4.7) 71.3 (7.3) 72.4 (1.2)
EtOH 110.0 (5.5) 1.5 (1.3) 111.5 (5.6) 32.1 (4.8) 79.4 (7.4) 79.5 (0.9)
1-PrOH 113.5 (5.5) 1.1 (1.1) 114.6 (5.6) 33.0 (5.0) 81.6 (7.5) 81.6 (1.0)
n-BuOH 116.3 (5.5) 1.1 (1.0) 117.4 (5.6) 32.8 (5.0) 84.6 (7.5) 82.4 (1.0)
i-BuOH 116.4 (5.5) 1.2 (1.1)e 117.6 (5.6) 33.3 (5.0)e 84.3 (7.5) 82.4 (1.0)
2-PrOH 116.5 (5.5) 1.3 (1.2) 117.8 (5.6) 32.4 (4.9) 85.4 (7.4) 85.4 (1.1)
s-BuOH 120.2 (5.5) 0.9 (1.0) 121.1 (5.6) 36.7 (5.0) 84.4 (7.5) 87.4 (1.1)
t-BuOH 121.0 (5.5) 1.2 (1.1) 122.2 (5.6) 30.0 (4.9) 92.2 (7.4) 89.5 (1.3)

a Uncertainties in parenthesis.
b Present experimental results (absolute CCID values from Table 2).
c e MP2
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Calculated using standard formulas and molecular constants determined at th
he metal–ligand frequencies by a factor of 2 and ±10% variations in the ligand fre
escribed in the text [10,55].
d Ref. [4].
e Ref. [55] did not have hindered rotor parameters for i-BuOH and the hindered r

nto the CRUNCH progam: hindered rotor treatment [10] and
he locked-dipole approximation [56]. When the hindered rotor
pproach is applied to the appropriate two internal rotors of the
eutral alcohols as described above, the thresholds increased by 0.5
nd 0.2 kJ/mol for the Na+–(EtOH) and Na+–(i-BuOH) complexes,
espectively. When the hindered rotor approach and locked-dipole
pproximation (using dipole moments of 1.73 and 1.65 D for EtOH
nd i-BuOH, respectively [57]) are both applied, the thresholds
ncreased by 1.4 and 1.1 kJ/mol for the Na+–(EtOH) and Na+–(i-
uOH) complexes, respectively. This revised analysis moves the
irect CID BDEs for Na+–(EtOH) and Na+–(i-BuOH) up to values of
03.4 and 106.3 kJ/mol, respectively, which improves the agree-
ent between the direct CID and the CCID values, but clearly not

y enough to eliminate the discrepancy.
The direct CID results can also be compared to the literature

xperimental and theoretical BDEs. As can be seen from Table 2,
he agreement is a little worse for the direct CID results than
or the CCID results, with MADs between 3.3 and 10.1 kJ/mol. In

ost cases, the agreement is within the limits of uncertainty.
he obvious outlier in the comparison of the direct CID results to
he theory is the B3LYP calculated BDEs (MAD = 10.1 ± 3.4 kJ/mol,
ight values), which are all systematically higher than the direct
ID values. We also note that even though the B3LYP and CCID
alues agree better (MAD of 4.1 ± 2.0 kJ/mol, eight values), the
3LYP values are still systematically high. Calculations using the
3P86 functional do a much better job at predicting the abso-

ute BDEs, with MADs of 1.6 ± 1.1 and 5.5 ± 3.4 kJ/mol (eight values
ach) between the CCID and the direct CID results, respectively.
he trends observed here are consistent with a comprehensive
nalysis of various theoretical approaches to calculate accu-
ate sodium cation affinities previously reported by our group
2].

In terms of the order of the absolute Na+–(ROH) BDEs, the
ollowing is observed from the competitive CID measurements:

eOH < EtOH < 1-PrOH < n-BuOH < i-BuOH < 2-PrOH < s-BuOH < t-
uOH. It should be pointed out, however, that the values for
-BuOH, i-BuOH, and 2-PrOH are all very close to one another,
ith only 0.12 and 0.15 kJ/mol separating the adjacent values.

he values derived from the FT-ICR experiments predict nearly
he same order of the Na+–(ROH) BDEs, with the only difference
eing that the Na+–t-BuOH BDE is lower than that for Na+–s-BuOH.
s mentioned above, the FT-ICR experiments actually measure

he Na+–(ROH) dissociation free energies. From Table 5, it can be
een that the �G298 of Na+–t-BuOH (89.5 ± 1.3 kJ/mol) is larger

han that of Na+–s-BuOH (87.4 ± 1.1 kJ/mol). The reversal in the
rder of the BDEs results from the entropic terms, which rely
rimarily on the lowest frequency vibrations and therefore may
ot be accurately calculated. The order of the Na+–(ROH) BDEs
redicted from the direct CID experiments is also similar to the
(full)/6-31G(d) level [16]. Uncertainties correspond to increases and decreases in
ies. The internal rotors of the neutral alcohols were treated as hindered rotors as

arameters for 2-PrOH were used in this case.

CCID order, except that in addition to predicting the reverse order
for Na+–t-BuOH and Na+–s-BuOH, the Na+–i-BuOH BDE is below
the Na+–1-PrOH and Na+–n-BuOH BDEs. Given the closeness of the
BDEs from the Na+–EtOH to the Na+–t-BuOH complexes (11 kJ/mol)
and that typical uncertainties in the direct CID measurements are
in the range of 3–6 kJ/mol, it is not surprising that the order of
the Na+–(ROH) BDEs predicted from the direct CID measurements
varies somewhat.

Although the present results refine the absolute Na+–(ROH)
BDEs previously determined in our laboratory, it is important
to note that these refined values are not significantly different
than those determined by direct CID of Na+(ROH) complexes [16].
In all cases, the differences between the current and previous
results are within the combined uncertainties of the two measure-
ments. Because each direct CID study is a completely independent
measurement of the absolute Na+–(ROH) BDEs, determinations of
differences between systems with similar absolute BDEs is made
much more reliably by equilibrium or competitive CID experiments
in which the relative binding is determined directly. In the cases
included in this work, for example, the bond energies span a range
of only 11 kJ/mol (0.11 eV).

In order to facilitate comparison of our new recommended abso-
lute Na+–(ROH) binding energies determined using competitive
CID to other experiments, we have converted our 0 K values to
298 K enthalpies and free energies. These are given in Table 5 along
with the absolute free energies determined using FT-ICR ligand
exchange equilibrium experiments [4]. The agreement between
the free energies derived from our CCID experiments with those
determined from the FT-ICR experiments is excellent, with a MAD
of 1.4 ± 1.2 kJ/mol (eight values) and the largest deviation only
3.0 kJ/mol.

4.2. Absolute (R1OH)Na+–(R2OH) bond dissociation energies

As mentioned above, the thresholds measured in the present
experiments directly yield the absolute second alcohol BDEs to
the sodium cation, (R1OH)Na+–(R2OH). These values are listed in
Table 4 along with theoretical values calculated at the MP2(full)/6-
311+G(2d,2p)//MP2(full)/6-31G(d) level of theory including ZPE
and BSSE corrections. For all systems studied, the second alco-
hol ligand is more weakly bound to the sodium cation than the
first alcohol ligand, as expected for the electrostatic nature of the
bonding in these complexes. The agreement between experiment
and theory for these sodium cation complexes is generally within

experimental error, with a MAD of 3.5 ± 2.5 kJ/mol (24 values).
The comparison between experiment and theory is also repre-
sented in Fig. 5, where it can be seen that most of the points are
evenly scattered about the diagonal line, which represents equiv-
alent experimental and calculated values. Most values lie within
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Fig. 5. Experimental versus theoretical absolute 0 K (R1OH)Na+–(R2OH) bond dis-
sociation energies, according to the R2OH ligand: EtOH (E, closed triangles), 1-PrOH
(1P, closed circles), n-BuOH (nB, open diamonds), i-BuOH (iB, open squares), 2-PrOH
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[54] V.F. DeTuri, K.M. Ervin, J. Phys. Chem. A 103 (1999) 6911.
[55] J. Chao, K.R. Hall, K.N. Marsh, R.C. Wilhoit, J. Phys. Chem. Ref. Data 15 (1986)
2P, closed inverted triangles), s-BuOH (sB, open hexagons), and t-BuOH (tB, open
riangles). All values are taken from Table 4. The solid diagonal line indicates the
alues for which measured and calculated values are equal. The dashed diagonal
ines indicate an uncertainty of ±4.8 kJ/mol about the solid diagonal line.

he 4.8 kJ/mol uncertainty (indicated by the dashed lines) typical of
ost values in Table 4. There are two BDEs that clearly show large

eviations: (n-BuOH)Na+–(2-PrOH) and (2-PrOH)Na+–(n-BuOH).
or this complex, the MP2 calculations overestimate the BDEs,
lthough it is unclear why the discrepancies for this particular sys-
em is so much larger than the others.
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