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Absolute Binding Energies of Sodium lons to Short Chain Alcohols, H2,+20, n = 1—4,
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Collision-induced dissociation of NéROH) with xenon is studied using guided ion beam mass spectrometry.
ROH includes the following eight short chain alcohols: methanol, ethanol, 1-propanol, 2-propdody)
alcohol, isobutyl alcohol, sec-butyl alcohol, atadt-butyl alcohol. In all cases, the primary product formed

corresponds to endothermic loss of the neutral alcohol. The only other products that are observed in these

reactions are the result of ligand exchange processes to formN&Ke cross section thresholds are interpreted

to yield 0 and 298 K bond energies for NaROH after accounting for the effects of multiple iemolecule
collisions, internal energy of the reactant ions, and dissociation lifetimes. Ab initio calculations at several
levels of theory compare favorably to the experimentally determined bond energies. Trends if biediiay
energies are also compared to experimental values for the analogoagstéms.

Introduction Experimental and Computational Section

In recent work, we have developed methods to allow the  General Experimental ProceduresCross sections for CID
application of quantitative threshold collision-induced dissocia- of sodiated alcohols are measured using a guided ion beam mass
tion methods to obtain accurate thermodynamic information on spectrometer that has been described in detail previdddine
increasingly large systems?® The major driving force behind  metal ligand complexes are generated as described below. The
these developments is our interest in applying such techniquesions are extracted from the source, accelerated, and focused into
to systems of biological relevance. Noncovalent meligand a magnetic sector momentum analyzer for mass analysis. Mass-
interactions play a primary role in determining the structure and selected ions are decelerated to a desired kinetic energy and
function in biological molecules. Quantitative studies in the gas focused into an octopole ion guide, which traps the ions in the
phase provide one way of obtaining more detailed information radial directiont® The octopole passes through a static gas cell
on such effects because the individual interactions can be easilycontaining xenon, used as the collision gas, for reasons described
isolated. In the present study, we examine a simple metal elsewherél~13 Low gas pressures in the cell (typically 0-05
ligand system that can act as a fundamental model for nonco-0.20 mTorr) are used to ensure that multiple onolecule

valent metat-ligand interactions: NBROH), where ROH= collisions are improbable. Product and unreacted beam ions drift
methanol (MeOH), ethanol (EtOH), 1-propanol (1-PrOH), to the end of the octopole, where they are focused into a
2-propanol (2-PrOH)p-butyl alcohol -BuOH), isobutyl alco- qguadrupole mass filter for mass analysis and subsequently
hol (i-BuOH), sec-butyl alcohos(BuOH), andtert-butyl alcohol detected with a secondary electron scintillation detector and

(t-BuOH). In addition, these systems form an intrinsically standard pulse counting techniques.
interesting sequence in which the size and geometry of the alkyl  |on intensities are converted to absolute cross sections as
group provide a systematic influence on the binding energies. described previousl§.Absolute uncertainties in cross section

In this work, we directly measure the absolute bond dissocia- magnitudes are estimated to B20%, which are largely the
tion energies (BDEs) of the NdROH) species using guided result of error in the pressure measurement and the length of
ion beam mass spectrometry. For all but the methanol andthe interaction region. lon kinetic energies in the laboratory
2-propanol systems, these constitute the first experimental frame,Epqp, are converted to energies in the center of mass frame,
determinations of these BDEs. Trends in the values are directly Ecu, using the formuld&Ecy = Egpm/(m + M), whereM andm
compared to those previously measured in our laboratory for are the masses of the ionic and neutral reactants, respectively.
the analogous L'i complexeg.In addition, theoretical calcula- ~ All energies reported below are in the CM frame unless
tions at the RHF/6-31G** and MP2(full)/6-31G* levels are otherwise noted. The absolute zero and distribution of the ion
carried out to provide structures, vibrational frequencies, and kinetic energies are determined using the octopole ion guide as
rotational constants needed for the analysis of the data. Thea retarding potential analyzer as previously descrit@ecause
present experimental results are compared to binding energieghe reaction zone and energy analysis region are physically the
calculated at the MP2(full)/6-31#1G(2d,2p) level, including same, ambiguities in the energy analysis resulting from contact
corrections for basis set superposition errors and using G2potentials, space charge effects, and focusing aberrations are
theory and the complete basis set extrapolation protocols, minimized® The distribution of ion kinetic energies is nearly
CBS-4 and CBS-G” Gaussian with a fwhm typically between 0.2 and 0.3 eV (lab)
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Energy (eV, Lab) Thermochemical Analysis. The threshold regions of the
0.0 20 4.0 6.0 reaction cross sections are modeled using eq 1
101 T T |
o(B) =0y G(E+E —E)E (1)
o '
o 100 L where gp is an energy independent scaling facthr,is the
S b relative translational energy of the reactalisis the threshold
1;/ for reaction of the ground electronic and ro-vibrational state,
S andn is an adjustable parameter. The summation is over the
§ 101 L ro-vibrational states of the reactant ionis,whereE; is the
@ E . excitation energy of each state agds the population of those
g *8 states } gi = 1). The populations of excited ro-vibrational levels
© ‘o : are not negligible even at 300 K as a result of the many low-
102 -" £ - AAAAA 4 frequency modes present in these ions. The relative reactivities
ol R St of all ro-vibrational states, as reflected tyyandn, are assumed
0.0 1.0 2.0 3.0 4.0 5.0

Energy (eV, CM)

to be equivalent. Vibrational frequencies and rotational constants
are taken from ab initio calculations (RHF/6-31G** values

Figure 1. Cross sections for collision-induced dissociation offNa ~ Scaled by 0.9) as detailed in the next section. The Beyer
(MeOH) with Xe as a function of kinetic energy in the center-of-mass Swinehart algorithr# is used to evaluate the density of the ro-
frame (lowerx axis) and the laboratory frame (uppeaxis). Data are vibrational states, and the relative populatignare calculated
shown for a xenon pressure of 0.18 mTorr (c_Iosed circles)_ and by an appropriate MaxwelBoltzmann distribution at the 300
extrapolated to zero (open circles). Cross sectlons_for the ligand K temperature appropriate for the reactants. We have estimated
exchange process to form NaXare shown by open triangles. The e ; "
solid line shows the best fit to the data using the model of eq 1 (N€ Sensitivity of our analysis to the deviations from the true
convoluted over the neutral and ion kinetic and internal energy frequencies by scaling the calculated RHF/6-31G** frequencies
distributions. The dotted line shows the model cross section in the to encompass the range of average valence coordinate scale
absence of experimental kinetic energy broadening for reactants with factors needed to bring calculated frequencies into agreement
an internal energy of 0 K. with experimentally determined frequencies found by Pople et
al22 Thus, the originally calculated vibrational frequencies were
for these experiments. The uncertainty in the absolute energyscaled by 0.7 and 1.1. The corresponding changes in the data
scale is+0.05 eV (lab). analysis are included in the uncertainties listed with the values
Even when the pressure of the reactant neutral is low, we and other fitting parameters.
have previously demonstrated that the effects of multiple  We also consider the possibility that collisionally activated
collisions can significantly influence the shape of CID cross complex ions do not dissociate on the time scale of our experi-
sectionst* Because the presence and magnitude of these pressurenent (about 10* s) by including statistical theories for uni-
effects is difficult to predict, we have performed pressure molecular dissociation into eq 1 as described in detail else-
dependent studies of all cross sections examined here. In thewhere2? This requires sets of ro-vibrational frequencies
present systems, we observe small cross sections at low energieappropriate for the energized molecules and the transition states
that have an obvious dependence upon pressure. This iS(TSs) leading to dissociation. We assume that the TSs are loose
illustrated in Figure 1. We attribute this to multiple energizing and productlike because the interaction between the sodium ion
collisions that lead to an enhanced probability of dissociation and the alcohol is largely electrostatic. In this case, the TS vi-
below threshold as a result of the longer residence time of thesebrations used are the frequencies corresponding to the products,
slower moving ions. Data free from pressure effects are obtainedwhich were also calculated as detailed below. The transitional
by extrapolating to zero reactant pressure, as described previfrequencies, those that become rotations of the completely dis-
ously! Thus, results reported below are due to single bimo- sociated products, are treated as rotors, a treatment that cor-
lecular encounters. responds to a phase space limit (PSL) and is described in detail
lon Source.The Na(ROH) complexes are formeda 1 m elsewheré.For the Na(ROH) complexes, the two transitional
long flow tubé-15 operating at a pressure of 6:8.7 Torr with mode rotors have rotational constants equal to those of the neu-
a helium flow rate of about 6000 sccm. Sodium ions are tral alcohol product with axes perpendicular to the reaction coor-
generated in a continuous dc discharge by argon ion sputteringdinate. The external rotations of the energized molecule and
of a cathode, made from tantalum, with a cavity containing TS are also included in the modeling of the CID data. The ex-
sodium metal. Typical operating conditions of the discharge are ternal rotational constants of the TS are determined by assuming
about 1.4-1.8 kV and 26-30 mA in a flow of roughly 10% that the TS occurs at the centrifugal barrier for interaction of
argon in helium. The Ng§ROH) complexes are formed by Na* with the neutral alcohol, calculated variationally as outlined
associative reactions of the sodium ion with a neutral alcohol elsewheré. The 2-D external rotations are treated adiabatically
that is introduced into the flow 50 cm downstream from the dc but with centrifugal effects included consistent with the discus-
discharge. The flow conditions used in this ion source provide sion of Waage and RabinovitéAln the present work, the adia-
in excess of 18collisions between an ion and the buffer gas, batic 2-D rotational energy is treated using a statistical dis-
which should thermalize the ions both vibrationally and rota- tribution with explicit summation over the possible values of
tionally. In our analysis of the data, we assume that the ions the rotational quantum number, as described in detail elsewhere.
produced in this source are in their ground electronic states and The model represented by eq 1 is expected to be appropriate

that the internal energy of the NEROH) complexes is well-
described by a MaxwelBoltzmann distribution of ro-
vibrational states at 300 K. Previous work from this laboratory
has shown that these assumptions are generally ¥/afl.

for translationally driven reactioAsand has been found to
reproduce reaction cross sections well in a number of previous
studies of both atomdiatom and polyatomic reactioA%2®
including CID processes.314717.26 The model is convoluted
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with the kinetic energy distributions of both reactants, and a counterpoise approximatic¥38as in several other recent papers
nonlinear least-squares analysis of the data is performed to giveon Na™ complexes$43%40The BSSE corrections ranged from
optimized values for the parameters Eo, andn. The error 4.8 kJ/mol for N&(MeOH) to about 8 kJ/mol for the Na
associated with the measurementBgfis estimated from the  (butanol) complexes. To check the accuracy of these theoretical
range of threshold values determined for different data sets, predictions, we also carried out complete basis set extrapolations
variations associated with uncertainties in the vibrational at the CBS-4 and CBS-Q levels of thebfyfor all eight Na'-
frequencies, and the error in the absolute energy scale, 0.05 eMROH) complexes. The CBS-4 model theory includes correc-
(lab). For analyses that include the RRKM lifetime effect, the tions for higher order correlation effects calculated at the MP4
uncertainties in the reportesh values also include the effects level with a modest sized basis set (6-31G), but may be limited
of increasing and decreasing the time assumed available forby the geometry optimization which is conducted at the HF/3-
dissociation (10 s) by a factor of 2. 21G* level. The CBS-Q calculations determine geometries at
Equation 1 explicitly includes the internal energy of the ion, the MP2(FC)/6-31Glevel and include higher order correlation
E:. All energy available is treated statistically, which should be Corrections at the MP4 and QCISD(T) levels of theory. For the
a reasonable assumption because the internal (rotational andour smallest complexes (excluding the butanol systems), we
vibrational) energy of the reactants is redistributed throughout &!SO carried out G2 calculatiohwhich determine geometries
the ion upon impact with the collision gas. The threshold for at the MP2(full)/6-31G* level and again include higher order
dissociation is by definition the minimum energy required for Correlation corrections at the MP4 and QCISD(T) levels of
dissociation and thus corresponds to formation of products with theory. All these calculations were carried out using the
no internal excitation. The assumption that products formed at Gaussian 98 suite of programs.
threshold have an internal temperatufddd has been tested
for several systems214-17 |t has been shown that treating all R€sults

energy of the ion (vibrational, rotational, and translational) as  Cross Sections for Collision-Induced DissociatiorExperi-
capable of coupling into the dissociation coordinate leads t0 mental cross sections were obtained for the interaction of Xe
reasonable thermochemistry. The threshold energies for dis-with eight Na'(ROH) complexes, where ROK methanol,
sociation reactions determined by analysis with eq 1 are ethanol, 1-propanol, 2-propanoh-butyl alcohol, isobutyl
convertedd O K bond energies by assuming tii@trepresents  alcohol, sec-butyl alcohol, artdrt-butyl alcohol. Figure 1 shows
the energy difference between reactants and products &0 K. representative data for the NeOH) system. A complete set
This requires that there are no activation barriers in excess of of figures for all eight systems examined can be obtained from
the endothermicity of dissociation. This is generally true for Figure 1S of the Supporting Information. The most favorable
ion—molecule reactiort$ and should be valid for the simple  process observed for all complexes is the loss of the intact ligand

heterolytic bond fission reactions examined Heére. in the collision-induced dissociation (CID) reaction 2.
Computational Details. To obtain model structures, vibra-
tional frequencies, and energetics for the neutral and sodiated Na"(ROH)+ Xe — Na" + ROH + Xe 2)

alcohols, ab initio calculations were performed with the Hy-

perchem software packafjeand then refined at higher levels  The magnitudes of the cross sections increase slightly as the
of theory using Gaussian 98Win all calculations, the starting  gjze of the alcohol increases. The only other product observed
structures are annealed and then energy minimized at low levelsi, these reactiods is the result of ligand exchange processes
of theory (semiempirical, RHF/STO-3G, RHF/3-21G, and RHF/ {5 form NaXe". This is shown in Figure 1, the case where this
6-31G** using Hyperchem) to obtain good starting structures nrodyct is the largest. For the other seven systems, the maximum
for the final geometry optimization calculations performed at ~.oss sections for the NaXeproduct are about 2 orders of
the MP2(full)/6-31G* levef*~* This level of theory was re-  magnitude smaller than those for the primary"Naoduct. In
cently determined by Hoyau et al. to be adequate for a good g cases, thresholds for NaXare slightly lower than for Na
description of sodium cation complex&sSeveral conformers (by the Na& —Xe binding energy). As little systematic informa-

of both the free and sodiated alcohols were included in thesetion can be gleaned from these products, they will not be
calculations. Vibrational analyses of the geometry-optimized giscussed further. However, it is conceivable that this ligand

cies and rotational constants of the molecules. Such constantgnresholds, at least in the case of the methanol system. We do

were obtained at both the RHF/6-31G** and MP2(full)/6-31G* ot pelieve such competition is likely to affect our threshold
IeVelS, and the latter values are listed in Tables 1S and 25, aVaiI'measurementS in any of these Systems for several reasons that
able as Supporting Information. When used to model the datahaye been detailed elsewhé?en the present case, we also
or to calculate thermal energy corrections, the MP2(full)/6-31G* note that a competitive shift would make the true threshold for
vibrational frequencies are scaled by a factor of 0.9648, dissociation of Na(MeOH) even lower than the number
while the RHF/6-31G** frequencies are scaled by 0.9, as presently reported. As is evident from the discussion below,
suggested by recent wofR For historical reasons, most of the  sych a result is almost certainly incorrect.
data ana|ySiS was CondUCted W|th the RHF/6'316** m0|eCU|aI’ Thresho'd Ana|ys|sThe mode| of eq 1 was used to analyze
constants, but it was verified that the use of the MP2(full)/6- the thresholds for reaction 2 in eight N®OH) systems. The
31G* constants yielded nearly identical results (deviations in results of these analyses are provided in Table 1 and shown in
Eo values were less than 0.01 eV). All thermal energy corrections Figure 2 for representative examples of two primary alcohols,
were obtained USing the scaled MP2(fU”)/6-316* frequencies. one small (methanoD and one |argB_t(uty| a|C0h0|); one
Single point energy calculations were performed at the MP2- secondary alcohol (2-propanol); and the tertiary alcokeit
(full)/6-311+G(2d,2p) level using the MP2(full)/6-31G* ge-  butyl alcohol). A complete set of figures for all eight systems
ometries. To obtain accurate bond dissociation energies for theexamined can be obtained as Figure 2S of the Supporting
MP2 calculations, basis set superposition errors (BSSE) werelnformation. The experimental cross sections for reaction 2 in
subtracted from the computed dissociation energies in the full all eight systems are accurately reproduced using a loose phase
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TABLE 1: Threshold Dissociation Energies @ 0 K and Entropies of Activation at 1000 K of Nat(ROH)?

reactant complex ao® n° Eo° (eV) Eo(PSL) (eV) ASH(PSL) (I mott K1)
Na"(MeOH) 11.5(0.2) 1.1(0.1) 0.95(0.06) 0.95(0.06) 22(5)
Na"(EtOH) 13.9(0.4) 1.1(0.1) 1.06(0.04) 1.06(0.04) 26(5)
Na(1-PrOH) 16.1(0.4) 1.1(0.1) 1.13(0.04) 1.12(0.04) 29(5)
Na'(2-PrOH) 14.9(1.3) 1.1(0.1) 1.18(0.05) 1.17(0.05) 33(5)
Na"(n-BuOH) 21.5(1.5) 1.1(0.1) 1.16(0.05) 1.13(0.05) 26(5)
Na'(i-BuOH) 15.7(1.8) 1.2(0.1) 1.14(0.06) 1.09(0.06) 32(5)
Na'(s-BuOH) 18.0(0.7) 1.1(0.1) 1.28(0.06) 1.22(0.05) 30(5)
Na'(t-BuOH) 13.0(0.8) 1.3(0.1) 1.24(0.04) 1.21(0.04) 30(5)
aUncertainties are listed in parentheseaverage values for loose PSL transition st&to RRKM analysis.
a Energy (eV, Lab) c Energy (eV, Lab)
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Figure 2. Zero pressure extrapolated cross sections for collision-induced dissociatiori(@®td) complexes where ROH methanol, 2-propanol,
n-butyl alcohol,tert-butyl alcohol (parts &d, respectively) with Xe in the threshold region as a function of kinetic energy in the center-of-mass
frame (lowerx axis) and the laboratory frame (uppeaxis). Solid lines show the best fits to the data using the model of eq 1 convoluted over the

neutral and ion kinetic and internal energy distributions. Dotted lines show the model cross sections in the absence of experimental kinetic energy
broadening for reactants with an internal energy of 0 K.

space limit (PSL) TS modélPrevious work has shown that cases, but vary with the size and geometry of the alcohol.
this model provides the most accurate assessment of the kinetidissociation of Na(MeOH) and N&(EtOH) show no kinetic
shifts for CID processes.32642Good reproduction of the data  shifts. As the size of the alcohol increases, the kinetic shift
is obtained over energy ranges exceeding 2 eV (4 eV for the gradually increases, reaching a maximum fort¢eBuOH),
methanol, ethanol, 1-propanol, and 2-propanol systems) andwhich exhibits a kinetic shift of 0.065 eV. This is reasonable
cross section magnitudes of at least a factor of 100. Figure 2because the NgMeOH) system has only three heavy atoms
shows that there are small “tails” at low energies in the data and 15 vibrational modes, while the butanol systems have six
for the butanols. The data analysis is insensitive to these tailsheavy atoms and 42 vibrational modes. Kinetic shifts vary
because of their extremely small size. among the butanol systems (from 0.026 to 0.065 eV) because
Table 1 also includes values Bf obtained without including they depend on the dissociation energy (higegwalues lead
the RRKM lifetime analysis. Comparison of these values with to larger kinetic shifts) and TS geometries. The latter are
the Eo(PSL) values shows that the kinetic shifts are small in all reflected by the entropies of activatiohSf, a measure of the
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TABLE 2: MP2(full)/6-31G* Geometry Optimized Structures of the Neutral and Sodiated Alcohols

bond length (A) bond angle (deg)
species Erer (kJ/mol) H-O o-C Na'—O Na—C,2 HOC NaOC ONag?

methanol 0.970 1.423 107.4
Na*(MeOH) 0.973 1.454 2.209 107.3 129.3
ethanol 0.972 1.427 107.1
Na'(EtOH) 0.974 1.457 2.203 3.068) 108.5 120.9 45.50)
1-propanol 0.972 1.426 106.9
Na*(1-PrOH) 0.0 0.974 1.455 2.202 3.014) ( 108.7 118.6 46.44)

2.0 0.974 1.456 2.204 3.080)( 3.125§) 108.4 120.4 45.34), 42.0 )
2-propanol 0.973 1.432 107.3
Nat(2-PrOH) 0.975 1.465 2.198 3.028)( 108.1 120.8 46.10)
n-butyl alcohol 0.971 1.428 107.7
Na'(n-BuOH) 0.0 0.974 1.456 2.202 2.968)( 108.8 117.3 47.00)

11 0.974 1.459 2.210 2.818)( 107.6 124.7 59.54)

1.6 0.974 1.456 2.203 3.04B)( 3.089 §) 108.5 119.3 45.99), 42.2 )
isobutyl alcohol 0.971 1.428 107.7
Na'(i-BuOH) 0.0 0.974 1.455 2.205 3.056)(3.078 ¢) 108.5 118.8 45.89), 42.7 )

2.6 0.973 1.458 2.213 3.024)( 108.3 116.4 43.7)
sec-butyl alcohol 0.973 1.433 107.4
Nat(s-BuOH) 0.0 0.975 1.465 2.199 2.980)( 108.2 119.4 46.84)

1.3 0.975 1.465 2.199 3.050)( 3.089 §) 108.0 120.6 45.7R), 42.4¢)
tert-butyl alcohol 0.974 1.438 106.9
Na'(t-BuOH) 0.975 1.475 2.191 2.998)( 107.6 120.9 46.40)

2w refers to the carbon atom closest to the sodium cation.

looseness of the TS. Listed in Table 1 at 1000 K, these entropies
of activation can be favorably compared A& 1000 values in

the range 2946 J molt K~ collected by Lifshitz for several
simple bond cleavage dissociations of iéh%his is reasonable,
considering that the TS is expected to lie at the centrifugal
barrier for association of Na+ ROH.

Theoretical Results.Structures for the eight neutral alcohols
and for the complexes of all these species with Meere calc- Na*(MeOH)
ulated as described above. Table 2 gives details of the final
geometries for each of these species along with values for
several low-lying conformations as well. Results for the most
stable conformations of the sodium iealcohol complexes are
shown in Figure 3. Not surprisingly, the calculations find that
the sodium ion prefers to be bound to the oxygen atoms for all
alcohols. The distortion of the alcohol upon sodium ion binding
is small although the ©C bond length increases by about 0.03
A and the HOC bond angle increases by abdutAs in the »*
case of the LT(ROH) complexes, we find that the alkyl chain PO
ligates the metal cation center as wellhis is indicated in Table Na’(2-PrOH)
2 by the Na—C, bond length and NaQgbond angle, where
C,, indicates the carbon found closest to the sodium center. For
most systems, the lowest energy conformer hasftiarbon
abou 3 A away from the sodium. The N¢EtOH) system is
prototypical in this regard. When the alkyl chain is longer, there
is the possibility of additional conformers in which both {he
andy carbons are fairly close to the metal center. Such con-
formers were identified as stationary points for the 1-propanol, ¢
n-butyl alcohol, isobutyl alcohol, and sec-butyl alcohol systems. ¢
This is calculated to be the ground state conformer in the iso- -
butyl alcohol system, which also has a low energy conformer o
in which they carbon is oriented to give a slightly shorter dis- Na*(s-BuOH) Na'(t-BuOH
tance to Na. Likewise, then—butyl alcohol system has a IO.W' Figure 3. Ground-state geometries of N®OH) where ROH=
energy conformer in which thé carbon wraps around to give  methanol, ethanol, 1-propanol, 2-propanelbuty! alcohol, isobutyl
a relatively short N&—C, distance of 2.811 A. The three con-  alcohol, sec-butyl alcohol, artért-butyl alcohol optimized at the MP2-
formers for then-butyl alcohol system are compared in Figure 4. (full)/6-31G* level of theory.

Sodium ion binding energies were determined using the MP2-

(full)/6-31G* geometries and single point energy calculations In all cases, the energies of these alternate conformers—ge 1
performed at the MP2(full)/6-31G(2d,2p) level. MP2 values  kJ/mol higher than the most stable conformer. For comparison,
corrected for zero point energies and BSSE are listed in Table 3this table also lists dissociation energies calculated for the most
for the most stable conformer and low-lying conformers in the stable conformers of all eight alcohol complexes using the
cases of alcohols having alkyl chains of three carbons or more.complete basis set extrapolation protocols, CBS-4 and CBS-
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gt

E = 0.0 kd/mol =1.6 kd/mol

E =1.1 kd/mol

Figure 4. Ground and excited state conformations offfaBuOH)
calculated at the MP2(full)/6-31G* level of theory.

TABLE 3: Experimental and Calculated Enthalpies of
Sodium lon Binding of ROH in kJ/mol

AHq? (calc)

complex AHg (expt) MP2 CBS-# CBS-Q GZ
Nat(MeOH) 91.7(5.7) 100.0  92.9 96.2 985
Na'(EtOH) 102.0(3.7) 108.9 101.0 1044 107.6
Nat(1-prOH)  108.0(4.1) 112.0 1043  108.7 103.0

110.0 108.4
Nat(2-prOH)  113.2(4.3) 113.0 1054  117.0 103.7
Na'(n-BuOH) 109.4(4.7) 1145 109.8  109.4

113.4

112.9
Na"(i-BuOH) 105.2(5.7) 1126 106.1  115.2

110.0
Na'(ssBuOH) 117.2(5.1) 117.1 109.6  118.9

115.8
Na“(t-BuOH) 116.5(4.1) 116.8 109.5  113.5

aCalculated using MP2(full)/6-31G(2d,2p)//MP2(full)/6-31G*

Rodgers and Armentrout

180

tBuo

170 |

D(Li*-ROH) (kJ/mol)

ol
90 100 110

D(Na*-ROH) (kJ/mol)

Figure 5. Open circles show bond dissociation energie® & (in
kJ/mol) for Nat—ROH vs Lit—ROH (taken from ref 2) where ROH
methanol (Me), ethanol (Et), 1-propanol (1Pr), 2-propanol (2Poptyl
alcohol (nBu), isobutyl alcohol (iBu), sec-butyl alcohol (sBu), aexd-
butyl alcohol (tBu). Closed circles show alternative values fordound
to n-butyl alcohol and isobutyl alcohol as discussed in the text.
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polarizability of the ligands with increasing size. Clearly, there
are other effects operating, however, as there is a 11 kJ/mol
variation in the butanol binding energies even though their
polarizabilities and dipole moments should be approximately
equal. In part, these variations are a result of the additional
complexation of the alkyl part of the alcohol to NaSuch
secondary complexation varies with the length of the alkyl chain
and is not parametrized by average molecular quantities such
as polarizability and dipole moment. Further, we find that the
secondary and tertiary alcohols bind to'Naore tightly than

(energy//geometry and frequencies) corrected for basis-set superpositiothe comparable primary alcohols, such that 2-propanol binds

error.? Calculated using the complete basis set extrapolation methods
(CBS-4 or CBS-Q) outlined in refs 6 and 7Calculated using the G2
method outlined in ref 5.

Q,” and the G2 methddor the smallest complexes (no BSSE
corrections were applied in these cases). These three method
have been found to have mean average deviations (MAD) of
8.4, 4.2, and 5.0 kJ/mol, respectively, for the G2 test set of
thermodynamic value®.G2 calculations on butanol complexes

were beyond our resources. We find that the CBS-4 bond ener-

more tightly thann-butyl alcohol and isobutyl alcohol, even
though the polarizabilities of the butanols are greater than that
for 2-propanol. As the distinction between primary vs secondary
and tertiary alcohols is realized for even the smallest complexes,
it does not appear to be related to the lifetime corrections.
further, the experimental protocol for acquiring and analyzing
the data for the various complexes is identical, such that this
systematic difference in bond energies is unlikely to be
attributable to experimental artifacts. Qualitatively, the stronger
binding of the secondary and tertiary alcohols suggests that there

gies are systematically lower than the MP2 values by an averageyre favorable inductive effects when more alkyl groups are

of 7.3+ 0.5 kJ/mol. For the methanol and ethanol complexes,

the G2 and CBS-Q results lie between the higher MP2 values
and the lower CBS-4 values, while for the propanol complexes,
G2 theory gives the lowest bond energies of any theory (indeed
lower than the G2 value for the ethanol complex). For larger

clusters, there are no systematic trends in the relative numbers
In most cases, the highest (often MP2) and lowest (often CBS-
4) theoretical values span a range of about 8 kJ/mol.

Discussion

attached to the carbon adjacent to the oxygen atom. However,
this conclusion is mediated by the uncertainty in the precise
relative values introduced in the next section.

Comparison to Lithium lon Binding Affinities. The present
collision-induced dissociation results are compared with ther-
mochemistry obtained from similar CID studies of the(ROH)
complexes in Figure 5.We find excellent agreement in the
trends observed in the relative bond energies. Clearly, the lithium
ion affinities exceed those for sodium because the smaller ion
has a shorter metaligand bond leading to a stronger electro-

As expected, the bond energies increase with increasing sizestatic interaction. However, recent studies of the competitive

of the alcohol. As the bonding is largely electrostatic, the dipole
moments and polarizabilities of the alcohols must be considered
in understanding this trend. Because there is little variation in
the dipole moments of the alcohols (less than 5% differences)
and methanol has the largest permanent diffbllesseems clear
that the observed trend is largely an effect of the increasing

dissociation of Li(R;OH)(R,OH) complexes indicates that the
bond energy determined by direct CID is slightly low for'Li
(n-BuOH) 2 This work indicates that the lithium ion affinity for
n-butyl alcohol should be 177% 8 kJ/mol, compared to 168.6
+ 8.2 kd/mol determined in the earlier direct CID studies.
Relative bond energies for other complexes (RSIhethanol,
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ethanol, 1-propanol, and 2-propanol) are in excellent agreement
in both studies. This hypothesis is bolstered by ab initio
calculation4® on the Li"(ROH) complexes performed after our
direct CID experimental study. Theory confirms our absolute
values obtained by direct CID with an average deviation between
experiment and theory of 3 kJ/mol. However, the theoretical
bond energy for LT(n-BuOH) is the only system (out of eight)
where theory isabove our experimental result, strongly sug-
gesting that the latter should be revised upward.

On the basis of ICR studitfof the relative binding affinities
of Li™ to n-butyl alcohol Er = 0.0 kd/mol), isobutyl alcohol
(Erel = —3.5 kJ/mol), and sec-butyl alcohdtf = —2.3 kJ/
mol),*" it is also possible that the t{i-BuOH) value measured
by direct CID studies (168.& 7.6 kJ/mol) is slightly low and
should be about 174 8 kJ/mol. (Theor§P gives the relative
energetics of these complexes as 0:6,5, and—6.1 kJ/mol,
respectively, which suggest that the value for isobutyl alcohol
should be 174174 kJ/mol.) These higher values for the Li
(n-BuOH) and Li*(i-BuOH) complexes are included in Figure
5. On the basis of the correlation between the lithium and
sodium cation affinities, this suggests that bond energies for
Na*(n-BuOH) and Nd(i-BuOH) may also be somewhat low  sec-butyl alcohol (sBu), arrt-butyl alcohol (tBu) vs experimentally
(by up to 9 kJ/mol). measured bond dissociation energies (in kJ/mol) taken from Table 4.

It is unclear what problem might adversely affect the direct All values are at 0 K. The various levels of theory shown are MP2

CID results for the alkali cation complexes witkbutyl alcohol (©), G2 (0), CBS-Q @) and CBS-41). The diagonal line indicates
. the values for which calculated and measured bond dissociation energies
and isobutyl alcohol but no other complexes. It occurred to us

; - . are equal. Solid symbols indicate experimental values fd{MaOH)

that systematically low bond energies could result from inad- taken from the literature and adjusted to 0 K: refs 34 (Hoyau et al.)
equate treatment in our data analysis of the internal rotationsand 49 (Castleman).

and torsions of these alcohols vs those in the metalated

complexes. Therefore, we tried reanalyzing our data by treating of 6.7 & 2.0 kJ/mol. On the basis of the comparison with
all vibrational modes of the sodium cation complexes and the experimental results, none of these theories is obviously better
dissociation products having frequencies lower than 260'cm  than the others. Therefore, we believe that a reasonable estimate
as internal rotations. This leads to bond dissociation energiesof the best theoretical bond energies are the median of all
that are much lower than those reported in Table 1 for two theoretical values with an anticipated error given by the range
reasons. The average internal energy of the complexes is lessn these values, approximatel4 kJ/mol. The agreement
(because low frequency vibrations that can contain approxi- between experiment and such median theoretical values is quite
matelykT of energy are replaced by rotors containing okily reasonable, with a MAD of 3.Z 1.5 kJ/mol.

2) and there is a larger kinetic shift (because this treatment leads |n comparing the experimental and theoretical values, it
to two more internal rotors in the complexes compared to the should be realized that the comparisons above are restricted to
alcohol products). Examination of the resultant entropies of theoretical values for the most stable conformation. Experi-
activation shows that this treatment is comparable to the tight mentally, it is possible that several of these conformers are
transition state limit previously investigated in several papér® formed in our flow tube source d€T at 298 K is 2.5 kJ/mol,

In all cases, this tight transition state limit led to bond energies comparable to the energy differences among the low-lying
that were much too low compared with other available informa- conformers (Table 3). As long as the barriers between the
tion. This suggests that this alternate treatment of the torsional conformers are substantially larger tHah which seems likely,
modes of these complexes is not appropriate. Other rationalesthen experimental formation of several conformers is feasible.
for low CID values ofn-butyl alcohol and isobutyl alcohol but  Because of the extensive energy broadening introduced by the
no other complexes are not apparent to us. It should be realizedenergy distributions of the reactants, the experiment is incapable
however, that while such corrections may affect the precision of resolving the cross sections for such closely spaced conform-
of the relative sodium cation binding energies, the absolute ers directly. However, the presence of such excited conformers
binding energies measured here should still be accurate withincould give experimental bond energies for the 1-propanol,

120 T T

110 | Et sBu|

tBu

2Pr
100 | 4

D(Na*-ROH) theory (kJ/mol)
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Hoyau et al.
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Castleman

90 L. 1 1
90 100 110
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Figure 6. Ab initio calculated bond dissociation energies (in kJ/mol)
for Na"—ROH where ROH= methanol (Me), ethanol (Et), 1-propanol
(1Pr), 2-propanol (2Prp-butyl alcohol (nBu), isobutyl alcohol (iBu),

120

the stated experimental uncertainties.

Comparison between Theory and ExperimentThe sodium
cation affinities of the alcoholst® K measured and calculated

n-butyl alcohol, isobutyl alcohol, and sec-butyl alcohol com-
plexes that are a couple of kJ/mol weaker than those calculated
for the ground state conformers, although such deviations are

here are summarized in Table 3. The agreement between theongtill within the experimental error cited. Bond energies for the
and experiment is good, as shown in Figure 6. The mean methanol, ethanol, 2-propanol, atedt-butyl alcohol complexes

absolute deviation (MAD) between experiment and the MP2

theory values for the most stable conformers of all eight systems

is 4.0+ 3.4 kJ/mol, within the average experimental error of
4.7 £ 0.8 kJ/mol and well within expected computational
accuracy. If we compare to the CBS-4 values, the MAD is 3.7
+ 3.3 kJ/mol, very similar to that for the MP2 values, while
the CBS-Q values have a MAD from experiment of 3.1
kJ/mol. We find that the four G2 bond energies have a MAD

are less likely to be affected by this complication.

Figure 6 shows that theoretical values for the primary alcohols
are somewhat high compared to our experiments, while values
for the secondary and tertiary alcohols are slightly low (but all
are still within experimental or theoretical error). This effect
can be gquantified by noting that the experimental and MP2
theoretical values for the five primary alcohols exhibit a MAD
of 6.3 = 1.8 kJ/mol, while those for secondary and tertiary
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TABLE 4: Enthalpies and Free Energies of Sodium lon Binding of N&—ROH at 0 and 298 K in kJ/mol2

System AHO AHzgg — AHQb AHzgg TASzggb Angg
Na*(MeOH) 91.7(5.7) 1.5(0.2) 93.2(5.7) 27.5(0.5) 65.7(5.7)
Na(EtOH) 102.0(3.7) 1.3(0.2) 103.3(3.7) 28.0(0.5) 75.3(3.7)
Na*(1-PrOH) 108.0(4.1) 1.3(0.2) 109.3(4.1) 28.9(0.6) 80.4(4.1)
Na*(2-PrOH) 113.2(4.3) 1.2(0.2) 114.4(4.3) 28.9(0.6) 85.5(4.3)
Na*(n-BuOH) 109.4(4.7) 0.9(0.2) 110.3(4.7) 28.1(0.5) 82.2(4.7)
Na'(i-BUOH) 105.2(5.7) 1.2(0.2) 106.4(5.7) 29.6(0.6) 76.8(5.7)
Na*(s-BUOH) 117.2(5.1) 1.2(0.2) 118.4(5.1) 30.0(0.6) 88.4(5.1)
Na* (t-BUOH) 116.5(4.1) 1.1(0.2) 117.6(4.1) 28.6(0.6) 89.0(4.1)

aUncertainties are listed in parenthese€alculated using standard formulas and molecular constants given in Tables 1S and 2S.

alcohols agree very well, with a MAD of only 0% 0.1 kJ/ The good agreement between the MP2 and G2 theories and
mol. For the CBS-4 calculations, the MAD from experimental the value of Hoyau et al. make a tempting argument that the
values for the primary alcohols is 14 1.3 kJ/mol, while the Na" bond energy to methanol is about 99 kJ/mol at 0 K.
secondary and tertiary alcohols show a MAD of 5.4 kJ/ However, after a careful analysis of our data, we could find no
mol. Theory has mixed results in reproducing the experimentally experimental artifacts or alternate data analysis strategies that
observed enhancement in going from primary alcohols to could yield a CID threshold more consistent with this value.
secondary and tertiary alcohols. For instance, MP2, G2, andWe note that the value from CBS-Q theory (arguably the most
CBS-4 theories find that the 1- and 2-propanols have similar accurate theoretical approach used here) falls near midway
affinities for Na" (a difference of only 1 kJ/mol) while CBS-Q  between our experimental value and that of Hoyau et al. and is
finds an enhancement of 9.3 kJ/mol, compared to an experi- well within our experimental uncertainty. It is certainly plausible
mental difference of 5.2 kJ/mol. While both MP2 and CBS-4 that the Na(MeOH) bond energy is most precisely assigned
find that the most weakly bound butanol is isobutyl alcohol, in toward the upper end of our experimental error.
agreement with experiment (whether adjusted upward or not), Previous results from calculations on theldeOH) com-
CBS-Q theory finds that-butyl alcohol has the weakest sodium  plex include 298 K enthalpies of 112.1 kJ/mol from Feng and
cation affinity, while that for isobutyl alcohol is actually higher  Gronert (MP2/6-33G*),%0 100.0 kJ/mol from Remko and Saris-
than that fortert-butyl alcohol. This result is difficult to  sky (G2 theoryf! and 101.3 kJ/mol from Hoyau et al. (MP2-
understand when compared to the results obtained for the(full)/6-311+G(2d,2p)//MP2(full)6-31G* including BSSE}.
1-propanol and 2-propanol systems. In agreement with experi- The latter two calculations are reproduced in the present work.
ment, all three levels of theory find that sec-butyl alcohol has The value from Feng and Gronert appears to be too high because
the highest sodium cation affinity, but CBS-Q finds a lower of the smaller basis set used and because BSSE (which we
affinity for tert-butyl alcohol, while MP2 and CBS-4 theories  calculate is 4.8 kd/mol with a larger basis set) is not included
and experiment find a very similar affinity. Because theory does in their value.
not provide a uniform prediction of the relative trends in the  The only other experimental value available for the sodium
sodium cation affinities of the primary vs secondary and tertiary cation alcohol affinities is for 2-propanol as measured using
alcohols, theory cannot be used to definitively ascertain whetherthe kinetic method by Feng and Gron&heir value of 124.3
the present CID results forbutyl alcohol and isobutyl alcohol  kJ/mol has been anchored to measurements for acetone and am-
might be slightly low relative to the other alcohols, as suggested ides and so does not follow the usual kinetic method protocol
by comparison with the measured lithium cation affinities. of dealing with reference compounds of the same functional
However, we note that increasing the sodium cation affinities group. The acetone value used as a reference is taken from work
for n-butyl alcohol and isobutyl alcohol would make the of Castleman and co-worket®a value that is higher than recent
agreement between experiment and theory in these two systemsneasurements by Hoyau et3al(by 11.8+ 2.2 kJ/mol) and
more like that observed for the secondary and tertiary alcohols, our groufs? (by 9.2+ 4.2 kd/mol). This clearly can explain why
but then less like that for all other primary alcohols. their value is about 10 kJ/mol larger than the 298 K binding

Conversion to 298 K Values.To allow comparison to pre-  enthalpy of 114.4+ 4.3 kJ/mol measured here. Calculations
vious literature values and commonly used experimental condi- (MP2/6-31G*) by this group for sodium binding affinities of
tions, we convert te 0 K bond energies determined here to ethanol and 2-propanol are 117.1 and 120.5 kJ/mol. For the
298 K bond enthalpies and free energies. The enthalpy conver-methanol, ethanol, and 2-propanol systems, their calculations
sions are calculated using standard formulas and the vibrationalare systematically higher than our MP2/6-313(2d,2p) values
and rotational constants given in Tables 1S and 2S. Table 4by 8 + 2 kJ/mol and higher than our CBS-4 results by#2
lists 0 and 298 K enthalpy, free energy, and enthalpic and kJ/mol, again because of the smaller basis set and neglect of
entropic corrections for all systems experimentally determined. BSSE.

Comparison with Literature Values. The only system .
included in the present work that has been studied extensivelyonclusions
is Na"(MeOH). High-pressure mass spectrometry (HPMS)  The kinetic energy dependencies of the collision-induced
measurements by Castleman and co-worRerield a 298 K dissociations of N&6(ROH), ROH= methanol, ethanol, 1-pro-
enthalpy of 111.3 kJ/mol (109.8 kJ/mol at 0 K) while the recent panol, 2-propanoln-butyl alcohol, isobutyl alcohol, sec-butyl
HPMS work of Hoyau et al. yields 1004 0.8 kJ/mol (98.9 alcohol, andert-butyl alcohol, with Xe are examined in a guided
kJ/mol at 0 K)3* Our experimental value of 932 5.7 kJ/mol ion beam mass spectrometer. The dominant dissociation process
agrees reasonably well with the most recent HPMS experimentalin all cases is formation of Na+ ROH. Thresholdst K for
value but falls well below the value of Castleman and co- these processes are determined after consideration of the effects
workers (Figure 6). Hoyau et al. note that the sodium cation of reactant internal energy, multiple collisions with Xe, and
affinities measured by the Castleman group are consistently lifetime effects using a phase space limit transition state model.
higher than other values in the literature. Our experimental results for NéMeOH) agree reasonably well
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