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Energy-resolved competitive collision-induced dissociation methods are used to measure the gas-phase acidities
of a series of alcohols (methanol, ethanol, 2-propanol, and 2-methyl-2-propanol). The competitive dissociation
reactions of fluoride-alcohol, [F-‚HOR], alkoxide-water, [RO-‚HOH], and alkoxide-methanol [RO-‚HOCH3]
proton-bound complexes are studied using a guided ion beam tandem mass spectrometer. The reaction cross
sections and product branching fractions to the two proton transfer channels are measured as a function of
collision energy. The enthalpy difference between the two product channels is found by modeling the reaction
cross sections near threshold using RRKM theory to account for the energy-dependent product branching
ratio and kinetic shift. From the enthalpy difference, the alcohol gas-phase acidities are determined relative
to the well-known values of HF and H2O. The measured gas-phase acidities are∆acidH298(CH3OH) ) 1599
( 3 kJ/mol,∆acidH298(CH3CH2OH) ) 1586( 5 kJ/mol,∆acidH298((CH3)2CHOH) ) 1576( 4 kJ/mol, and
∆acidH298((CH3)3COH) ) 1573( 3 kJ/mol.

I. Introduction

Bond dissociation energies of hydrocarbon molecules are of
fundamental interest and are important for modeling combustion
and atmospheric processes.1-5 Ion chemistry techniques provide
methods for measuring gas-phase acidities,∆acidH0(RH), which
can be related to the bond dissociation energies by use of a
negative ion thermochemical cycle,1 as shown below.

The ionization energy (IE) of hydrogen atom is known precisely,
and accurate values for the electron affinity (EA) of the
hydrocarbon radical can be obtained by negative ion photo-
electron spectroscopy.6

Recently, we applied guided ion beam mass spectrometry
techniques to the translational activation of bimolecular endo-
ergic proton-transfer reactions to obtain gas-phase acidities.7 To
evaluate this method, we chose a series of alcohols whose gas-
phase acidities are fairly well-known: methanol, ethanol, 2-pro-
panol (isopropyl alcohol), and 2-methyl-2-propanol (tert-butyl
alcohol). Reaction 2 was studied with fluoride anion as the
proton-transfer reagent.

The measured 0 K reaction threshold energy for reaction 2,E0,
is an upper limit to the reaction enthalpy,∆rH0, which is given

by the difference between the gas-phase acidity of the alcohol
and the precisely known value for HF. When comparing our
results to previous literature values, we found a small systematic
offset of 5-9 kJ/mol betweenE0 and∆rH0. There are no known
intrinsic potential energy barriers along the proton-transfer
reaction pathway, leading us to conclude that there are dynami-
cal barriers to these endothermic proton reactions. Dynamical
impediments to proton transfer could arise from the inability
of molecular rotational energy to promote the reaction or from
high curvature along the reaction path, preventing efficient
translation-to-internal energy transfer with F-. Resolution of
these issues requires further study.

Because of the observed dynamical barriers to reaction 2, an
alternative methodology that provides accurate gas-phase acidi-
ties is investigated here. We report energy-resolved threshold
collision-induced dissociation8 (TCID) measurements on proton-
bound complexes. The TCID method enables a direct measure-
ment of the relative gas-phase acidity between an unknown and
a dissimilar reference acid. First a thermalized proton-bound
[A1HA2]- anionic complex is formed. This complex is then
collisionally excited at a controlled translational energy and can
dissociate into two product channels, as shown in reaction 3
and Figure 1.

The threshold energy difference between the two reaction
channels in reaction 3 is related to the gas-phase acidity of the
alcohol by eq 4.
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RH f R- + H+ ∆acidH(RH)

R- f R + e- EA(R)

H+ + e- f H -IE(H)

RH f R + H D(R-H) )
∆acidH(RH) + EA(R) - IE(H) (1)

F- + ROH f RO- + HF
R ) H, CH3, CH3CH2, (CH3)2CH, or (CH3)3C (2)

[A1HA2]
- + Xef A1

- + A2H + Xe ∆rH0(1) (3a)

f A1H + A2
- + Xe ∆rH0(2) (3b)

∆E0 ) E0(2) - E0(1) ≈ δ∆acidH0 (4a)

δ∆acidH0 ) ∆rH0(2) - ∆rH0(1) )
∆acidH0(A2H) - ∆acidH0(A1H) (4b)
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The approximation on the right-hand side of eq 4a assumes that
there are no reverse activation barriers for the two dissociation
channels, which is reasonable for most proton-bound com-
plexes.7 To extract the two threshold energies, the energy-
dependent branching ratio between the two channels is modeled
explicitly using the RRKM theory model developed recently
by Rodgers and Armentrout.8 The statistical unimolecular
decomposition of the complex is modeled to calculate the
product branching kinetics over a 1-2 eV energy range near
the reaction threshold. The full statistical treatment of the
dissociation pathways allows the use of proton-bound complexes
of dissimilar ions. The acidities of the alcohols studied here
thus can be measured directly relative to the well-defined anchor
acids H2O and HF, for which thermochemical data9-12 are listed
in Table 1. We report TCID experiments on the following
systems: A1- ) F- with A2H ) CH3OH, CH3CH2OH, (CH3)2-
CHOH, and (CH3)3COH; A2H ) H2O with A1

- ) CH3O- and
CH3CH2O-; and A2H ) CH3OH with A1

- ) CH3CH2O-,
(CH3)2CHO-, and (CH3)3CO-. Competitive TCID measure-
ments on the same alcohol paired with different reference acids
allow us to construct a gas-phase acidity ladder to check the
internal consistency of the method. Competitive TCID is a
relative method so possible errors in the absolute threshold
energies appear in both product channels and should mostly
cancel.

II. Experimental Section

A. Cross Section Measurements.Experiments were carried
out using our guided ion beam tandem mass spectrometer, which
is described in detail elsewhere.13 Briefly, anions are created in
a flow tube reactor using a microwave discharge source with
helium buffer gas. [F-‚HOR] complexes are formed in the flow
tube by making fluoride anions in the microwave discharge with
hexafluorobenzene as a precursor gas, and the alcohol is
introduced downstream of the microwave discharge. [RO-‚HOH]
and [RO-‚HOCH3] complexes are formed by either making
HO- or CH3O- in the discharge and introducing ROH down-
stream of the source, or by introducing both H2O or CH3OH

and ROH downstream of the microwave discharge. All the
alcohols were spectroscopic grade and used without further
purification except degassing. The complexes are thermalized
in the flow tube by about 2× 105 collisions with the helium
buffer gas. A magnetic sector mass spectrometer is used to select
the ions of interest. After mass selection, the ions are injected
into an octopole ion beam guide where they collide with xenon
atoms at a controlled translational energy. Reactant and product
ions are extracted from the octopole region and mass analyzed
with a quadrupole mass filter and counted using an electron
multiplier.

Absolute reaction cross sections are determined as a function
of collision energy between the reactants; a thorough discussion
has been presented previously.13,14 The laboratory ion energy
is measured using retarding potential analysis and confirmed
by time-of-flight13 and is then converted to the relative collision
energy,E, in the center-of-mass frame.14 To obtain absolute
reaction cross sections under single collision conditions, the data
are collected at three different pressures and the cross sections
are extrapolated to zero pressure. The absolute cross section
magnitudes have an estimated uncertainty of(50%, but for two
product channels relative values are within(10%.

B. Fitting Procedure. The single-collision reaction cross
section,σ(E), is modeled with the CRUNCH15 Fortran program
using an empirical threshold law,13,14,16eq 5,

wherePD is the RRKM dissociation probability discussed below,
τ is the experimental time window for dissociation,Ei is the
energy of reactant rovibrational statei with fractional population
gi corresponding to a Maxwell-Boltzmann distribution at 300
K, σ0 andN are adjustable parameters, andE0 is the 0 K reaction
threshold energy. The parameterN in eq 5 defines the energy-
transfer efficiency of the collision of the complex with xenon.

After collision with the xenon target gas, there is a limited
time window for the energized molecule to dissociate before
mass analysis and detection, resulting in a kinetic shift.17 We
correct for this kinetic shift using RRKM theory for unimo-
lecular dissociation with an appropriate transition state model,
as described by Rodgers, Ervin, and Armentrout.16 For a CID
process with two product channels, there can also be a
competitive shift,17 in which the higher energy channel is
suppressed near its threshold by the presence of the more
favorable channel. We use the model of Rodgers and Armen-
trout8 to treat kinetic and competitive shifts in TCID, in which
both channels are modeled simultaneously using RRKM theory.
The detailed equations we use are presented in Appendix I. An
advantage of this method is that the observed energy-dependent
branching ratio between the two product channels must be
reproduced, providing an internal test of the model.

The statistical dissociation is modeled assuming that the
transition state is located at the centrifugal barrier with frequen-
cies corresponding to the free fragments, i.e., we use a loose
orbiting transition state model (“phase space limit”16). This
model is appropriate since the complex is held together by ion-
dipole forces and hydrogen bonding, rather than a covalent
bond.8,18 The long-range ion-induced dipole potential is calcu-
lated using the molecular polarizabilities19 of the neutral product.
Rotational constants and vibrational frequencies for the com-
plexes and products were computed at the HF/6-31G(d) level
using Gaussian 94,20 and vibrational frequencies are scaled by
0.8953.21 Table 2 lists the calculated frequencies for the

Figure 1. TCID reaction schematic for a proton-bound anionic
complex.

TABLE 1: Literature Thermochemical Values for Anchor
Acids (kJ/mol)

species
(X-H) EA0 (X) D0 (X-H) ∆acidH0 (XH)

HO-H 176.3419( 0.0020a 494.1( 0.2b 1629.8( 0.2c

F-H 328.1649( 0.0004d 565.975( 0.004e 1549.860( 0.004f

a Reference 9.b Reference 12.c ∆acidH(RH) ) D(R-H) - EA(R)
+ IE(H). d Reference 10.e D(R-H) ) ∆acidH(RH) + EA(R) - IE(H).
f Reference 11.

σ(E) )
σ0

E
∑

i

giPD(E,Ei,τ)(E + Ei - E0)
N (5)
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complexes; product molecule frequencies have been reported
previously.7 Low-frequency torsional motions can be treated as
harmonic oscillators, free rotors, or hindered rotors. We treat
the OH torsional motions as hindered rotors for the fluoride-
alcohol complexes and dissociation products. Details of the
hindered rotor treatment are given in Appendix II. Methyl rotors
are treated as harmonic vibrations; because these modes appear
in the complex and in both product channels, errors from this
treatment will tend to cancel. No hindered rotors were consid-
ered for the alkoxide-methanol complexes or dissociation
products because torsional motions are present in both product
channels and will therefore largely cancel. Torsional motions
in the alkoxide-water complexes were treated as harmonic
vibrations, but the dissociation channel with an OH torsional
motion was treated as a hindered rotor.

III. Results

A. Product Branching Ratios. Cross section results are
summarized in Figures 2-4. The fluoride-alcohol complex
dissociations are shown in Figure 2. The cross section of the
higher energy RO- + HF product dissociation channel is at
least an order of magnitude smaller than the lower energy ROH
+ F- channel. The alkoxide-water complex dissociations are
shown in Figure 3. The gas-phase acidities of methanol and
ethanol were measured relative to water. The alkoxide-
methanol dissociations are shown in Figure 4.

If the ∆acidH0 difference is too large, only the lower-energy
decomposition channel is observed. In the dissociation of the
ethoxide-water complex, the higher-energy product channel,
HO- + CH3CH2OH, is 2 orders of magnitude smaller than the
lower energy channel, H2O + CH3CH2O-, showing the
sensitivity of this technique. Isopropyl andtert-butyl alcohols
had gas-phase acidity differences too large relative to water (>55
kJ/mol) and only the lower energy product could be observed;
that is, no HO- product was observed. Similarly, only the F-

+ H2O dissociation channel was observed in TCID of the
fluoride-water complex because of the large difference in gas-
phase acidity between hydrogen fluoride and water, 80 kJ/mol
(Table 1). These observations suggest a gas-phase acidity
difference of about 50 kJ/mol is the limit of the TCID technique
for these proton-bound complexes.

B. Threshold Analysis.Equation A3 is convoluted over the
translational energy distribution of the reactants14,16 and used
to fit both channels simultaneously. Solid lines in Figures 2-4
show fits to the data. Table 3 lists average fitting parameters
for each system, whereE0(1) ) ∆cH0 is the dissociation
threshold energy for the lower energy channel and is equal to
the complex dissociation energy,∆E0 ) E0(2) - E0(1), and
E0(2) is the dissociation threshold energy for the higher energy
channel. In the nonlinear least-squares optimizations,E0(1) and
∆E0 are treated as adjustable parameters. BecauseE0(1) and
E0(2) are correlated, the statistical uncertainty in the relative
energy is much smaller using∆E0 as a parameter rather than
both E0(1) andE0(2). Figure 5 shows averaged 0 K relative
gas-phase acidity measurements as a ladder. Values are self-
consistent when compared for different pairings, demonstrating
that this method can accurately measure relative gas-phase
acidities between two dissimilar compounds.

The uncertainties in Table 3 for the threshold energies
represent estimates of(2σ. For E0(1), the uncertainties are
calculated as the root-sum-of-squares of uncertainties arising
from the ion energy determination ((0.05 eV lab), the statistical
uncertainty in the least-squares fit to the data, the modeling error
estimated by fitting different energy ranges, the uncertainties
from model parameters ((20% for vibrational frequencies and
factors of two for the experimental time window), and the
estimated standard deviation from multiple sets of data. For∆E0,
the ion energy uncertainty is not included because it exactly
cancels and the uncertainties from molecular parameters make
little difference because of cancellation in the relative threshold

TABLE 2: Rotational Constants and Vibrational Frequencies (cm-1)a

[CH3O-‚HOH] [CH3CH2O-‚HOH] [F-‚HOCH3]

rotation 1.24, 0.16, 0.15 0.48, 0.10, 0.09 1.15, 0.20, 0.17
vibration 49, 77, 129, 285, 454, 1048, 1137,1171,

1180, 1467, 1473, 1487, 1713, 2504,
2524, 2580, 2850, 3681

26, 68, 123, 250, 306, 410, 453, 760,
826, 1023, 1036, 1172, 1174, 1266,
1352, 1396, 1454, 1466, 1497, 1715,
2515, 2563, 2794, 2861, 2887, 2905,
3683

55b, 146, 380, 1082, 1123, 1144, 1190,
1290, 1474, 1491, 1520, 1649, 2741,
2747, 2756

[CH3CH2O-‚HOCH3] [(CH3)2CHO-‚HOCH3] [(CH3)3CO-‚HOCH3]

rotation 0.42, 0.06, 0.05 0.20, 0.05, 0.04 0.14, 0.04, 0.04
vibration 26, 34, 66, 99, 139, 256, 311, 416, 762,

829, 1031, 1096, 1106, 1126, 1162,
1170, 1184, 1268, 1354, 1393, 1454,
1460, 1466, 1475, 1492, 1498, 1544,
2545, 2567, 2671, 2799, 2812, 2818,
2829, 2863, 2888

16, 30, 62, 87, 135, 230, 239, 279, 352,
412, 489, 758, 841, 871, 983, 1070,
1086, 1102, 1122, 1144, 1163, 1188,
1330, 1351, 1357, 1362, 1448, 1456,
1456, 1457, 1472, 1473, 1488, 1535,
2556, 2699, 2792, 2804, 2813, 2814,
2826, 2851, 2861, 2884, 2889

26, 39, 58, 84, 131, 218, 230, 270, 274,
322, 337, 397, 454, 478, 695, 826, 829,
899, 989, 1003, 1007, 1040, 1104,
1131, 1163, 1192, 1199, 1248, 1357,
1359, 1376, 1448, 1456, 1458, 1461,
1468, 1468, 1475, 1484, 1493, 1551,
2754, 2805, 2806, 2818, 2825, 2840,
2846, 2869, 2870, 2882, 2894, 2901, 2905

[F-‚HOCH2CH3] [F-‚HOCH(CH3)2] [F-‚HOC(CH3)3]

rotation 0.33, 0.15, 0.12 0.27, 0.09, 0.07 0.16, 0.07, 0.07
vibration 102b, 154, 278, 345, 440, 784, 861,

1045, 1128, 1142, 1163, 1275, 1348,
1391, 1453, 1485, 1499, 1595, 1992,
2760, 2770, 2819, 2869, 2965

69b, 138, 236, 277, 303, 340, 452, 473,
783, 885, 900, 980, 1083, 1133, 1165,
1180, 1330, 1342, 1368, 1375, 1440,
1451, 1461, 1485, 1563, 1896, 2731,
2801, 2820, 2847, 2867, 2886, 2952

105b, 146, 228, 270, 274, 293, 329, 350,
392, 452, 498, 713, 868, 882, 928, 961,
1013, 1027, 1124, 1208, 1218, 1253,
1363, 1365, 1382, 1439, 1451, 1453,
1459, 1478, 1496, 1599, 2239, 2806,
2813, 2827, 2855, 2858, 2875, 2890,
2947, 2951

a From HF/6-31G(d) calculations. Calculated vibrational frequencies have been scaled by 0.8953.21 b Harmonic frequency removed and treated
as a hindered rotor; see Appendix II.
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measurement, as discussed below. The reported uncertainties
do not include possible systematic errors in the threshold model.

C. Gas-Phase Acidity Determination.The absolute gas-
phase acidities of the alcohols are calculated by a least-squares
minimization ofø2 from eq 6,

where ∆E0(j,k) ) E0(j) - E0(k) is the measured gas-phase
acidity difference for the complex [AkHA j]-, ∆acidH0(A jH) and
∆acidH0(AkH) are the absolute gas-phase acidities, andσj,k is
the uncertainty in the individual measurement of∆E0 (based
on the components described above except reproducibility). The
gas-phase acidities of water and hydrogen fluoride are treated
as constants (Table 1), and the gas-phase acidities of the four
alcohols are the adjustable parameters. The∆E0(j,k) values are
the experimental threshold energy differences for 18 independent
measurements of nine different complexes, with average values
and the number of measurements for each complex listed in
Table 3. The number of measurements involving each alcohol
in one product channel isυ ) 9 for CH3OH, υ ) 3 for CH3-
CH2OH, υ ) 5 for (CH3)2CHOH, andυ ) 5 for (CH3)3OH.
The 95% confidence interval uncertainty for acid AjH is

Figure 2. Single-collision cross sections for (a) [F‚H‚OCH3]- f F-

+ CH3OH (circles), HF+ CH3O- (squares); (b) [F‚H‚OCH2CH3]- f
F- + CH3CH2OH (circles), HF+ CH3CH2O- (squares); (c) [F‚H‚OCH-
(CH3)2]- f F- + (CH3)2CHOH (circles), HF+ (CH3)2CHO- (squares);
(d) [F‚H‚OC(CH3)3]- f F- + (CH3)3COH (circles), HF+ (CH3)3CO-

(squares). Solid lines show the fits to the data described in text.

Figure 3. Single-collision cross sections for (a) [CH3O‚H‚OH]- f
CH3O- +H2O(circles),CH3OH+HO- (squares); (b) [CH3CH2O‚H‚OH]-

f CH3CH2O- + H2O (circles), CH3CH2OH + HO- (squares). Solid
lines show the fits to the data described in text.

ø2 )

∑
j*k

(∆acidH0(A jH) - ∆acidH0(AkH) - ∆E0(j,k)

σj,k
)2

∑
j*k( 1

σj,k
2)

(6)
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calculated using eq 7, wheren ) 18 is the number of
measurements,m ) 4 is the number of adjustable parameters,
andtυ-1,95 is the Studentt-factor forυ - 1 degrees of freedom.22

Because the individual uncertainties,σj,k, are included in eq 6,
these final uncertainties take into account estimated parameters
errors in the model, the reproducibility of separate experiments,
and the self-consistency of the acidity ladder. This uncertainty
is propagated with the uncertainties in the literature gas-phase

acidities of HF and H2O (Table 1). Table 4 summarizes the
final 0 K gas-phase acidity results. The gas-phase acidity ladder
can be checked by treating∆acidH0(H2O) as an additional
adjustable parameter, with only HF as an anchor point. This
results in∆acidH0(H2O) ) 1628 ( 2 kJ/mol, in error by only
-2 kJ/mol. This indicates the internal consistency of our relative
gas-phase acidity measurements is within 2 kJ/mol over a range
of 80 kJ/mol, i.e., within 2.5%.

D. Thermochemical Derivations.From the measured 0 K
gas-phase acidities, we convert to 298 K using eq 8.

From our measured enthalpies of reaction, we calculate∆acidG298

by eq 9.

The CP(T) and ∆acidS terms in eqs 8 and 9 are calculated by
statistical mechanics in the independent vibrations-rigid rotor
approximation23 using previously reported frequencies.7 Internal
rotors are treated as harmonic oscillators except for OH torsions,
which are treated as hindered rotors as described in Appendix
II. Entropy values are calculated explicitly for each acid rather
than the previous assumption24 of using∆acidS298 ) 92 ( 8 J
mol-1 K-1 for all alcohols. In comparingS298(CH3OH) and
S298(CH3CH2OH) with previous evaluations12 that employed
more sophisticated treatments of the coupled internal rotors, our
values differ by only 0.3 and 1.8 J mol-1 K-1, respectively.
Because of substantial cancellation of errors between ROH and
RO-, we estimate our∆acidS298 values are within 2 J mol-1 K-1

of the true value. Table 4 lists the calculated∆acidH298, ∆acidS298,

Figure 4. Single-collision cross sections for (a) [CH3CH2O‚H‚OCH3]-

f CH3CH2O- + CH3OH (circles), CH3CH2OH + CH3O- (squares);
(b) [(CH3)2CHO‚H‚OCH3]- f (CH3)2CHO- + CH3OH (circles),
(CH3)2CHOH + CH3O- (squares); (c) [(CH3)3CO‚H‚OCH3]- f
(CH3)3CO- + CH3OH (circles), (CH3)3COH+ CH3O- (squares). Solid
lines show the fits to the data described in text.

(δj ) (tυ-1,95σj ) (tυ-1,95[( n
n - m)ø2]1/2

(7)

TABLE 3: Fitting Parameters

complex [A1
-‚HA2] σ0 E0(1) (eV) ∆E0 (eV) N a

[CH3O-‚HOH] 4.85 1.08( 0.10 0.363( 0.004 0.89 2
[CH3CH2O-‚HOH] 4.45 1.04( 0.09 0.502( 0.004 0.82 1
[CH3CH2O-‚HOCH3] 30.7 1.11( 0.08 0.129( 0.004 0.92 1
[(CH3)2CHO-‚HOCH3] 11.6 0.92( 0.09 0.218( 0.004 0.83 1
[(CH3)3CO-‚HOCH3] 20.4 1.12( 0.08 0.265( 0.003 0.75 2
[F-‚HOCH3] 1.22 1.24( 0.10 0.462( 0.003 1.20 3
[F-‚HOCH2CH3] 5.33 1.39( 0.09 0.303( 0.005 1.39 1
[F-‚HOCH(CH3)2] 5.37 1.42( 0.09 0.215( 0.003 1.65 4
[F-‚HOC(CH3)3] 2.75 1.40( 0.09 0.170( 0.003 1.62 3

a Number of complete data sets analyzed for each complex.

Figure 5. Relative gas-phase acidity ladder in kJ/mol.

∆rH298 ) ∆rH0 + ∫0

298
∆rCP(T) dT (8)

∆acidG298 ) ∆acidH298 - T∆acidS298 (9)
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and ∆acidG298 values. Our previous results7 from bimolecular
endoergic proton transfer listed in Table 4 are upper limits to
the true gas-phase acidity.

Table 5 summarizes the bond dissociation energy,D0(RO-
H), calculated from our gas-phase acidity measurements using
eq 1 with IE(H)25 ) 1312.0496( 0.0010 kJ/mol and EA(RO)
from recent measurements by Lineberger and co-workers.26 The
error bars in the bond dissociation energies are primarily due
to our experimental gas-phase acidity results. Alkoxyl radical
enthalpies of formation are calculated from eq 10 and listed in
Table 5.

The enthalpies of formation of the alcohols and hydrogen atom
are taken from the NIST database,27 ∆fH298(CH3OH) ) -201.1
( 0.2 kJ/mol,∆fH298(CH3CH2OH) ) -235.3 ( 0.5 kJ/mol,
∆fH298((CH3)2CHOH) ) -272.3( 0.9 kJ/mol,∆fH298((CH3)3-
COH) ) -312.6( 0.9 kJ/mol, and∆fH298(H) ) 217.998(
0.006 kJ/mol. Table 6 lists complexation enthalpies for the
proton-bound complexes at 298 K, calculated fromE0(1) using
eq 8.

IV. Discussion

A. TCID Model. This section discusses the sensitivity of
the gas-phase acidities to various assumptions and parameters
in the model used to fit the TCID data.

1. Kinetic and CompetitiVe Shifts.To interpret the TCID
measurements, product branching ratios for both channels must
be calculated explicitly.8 RRKM theory for unimolecular
dissociation is used to calculate the dissociation rate for both
channels for the energy-dependent time window. If our threshold
data is fit without considering competitive dissociation (single-
channel dissociation using eq A1), the extracted relative gas-
phase acidities increase by 10-15 kJ/mol. This not only gives
poor agreement with previous literature values, but the internal
consistency of the gas phase acidity ladder is poor. Fitting the
data without including the effects of a limited time window for
product dissociation (i.e., no kinetic shift) increases the relative
gas phase acidities by up to 25 kJ/mol. These results stress the
importance of modeling the data explicitly to account for the
kinetic and competitive shifts.

2. Transition State Parameters.The cross sections were
modeled assuming a loose transition state (TS) because the
complex is held together by electrostatic hydrogen bonding
rather than a covalent bond.8 Using a tight, fixed TS on only
one product channel gives extremely poor fits to the data. Fitting
both channels with a tight, fixed TS changes the relative
threshold energies by-5 to +10 kJ/mol, which gives poorer
internal consistency in our gas-phase acidity ladder, and also
lowers the complexation energies by 5-20 kJ/mol. Table 6
compares the complexation energies from TCID measurements
with literature values.28,29On average our results agree well and
a lowering of our complexation energies by 5-20 kJ/mol would
give poorer agreement, although still within mutual uncertainties
for most systems. These results support the use of a loose TS
to model our cross section data. Altering vibrational frequencies
of the complex and the transition states by(20% changes the
relative threshold energies by(0.5 kJ/mol (which is included
in the uncertainties).

3. Reaction Degeneracy Factor.The following rotational
symmetry factors were used in eq A3 to fix the reaction path
degeneracies:σ ) 2 for H2O, σ ) 3 for CH3O- and
(CH3)3CO-, andσ ) 1 for all other species. Without the use of
these symmetry factors, the relative gas-phase acidities shift by
-10 to+10 kJ/mol, giving poorer self-consistency in the acidity
ladder.

TABLE 4: Gas-Phase Acidities (kJ/mol)

∆acidH298 ∆acidG298

species
∆acidH0

TCIDb TCIDc endoPTd kinetice HPMSf ∆acidS298
a TCIDg SIFTh ICRi

CH3OH 1594( 3 1599( 3 e1605( 3 1595( 8 1597( 3 89( 2 1572( 3 1565( 8
CH3CH2OH 1581( 5 1586( 5 e1592( 4 1582( 8 90( 2 1559( 5 1551( 8
(CH3)2CHOH 1571( 4 1576( 4 e1587( 5 1572( 8 92( 2 1549( 4 1550( 3 1543( 8
(CH3)3COH 1568( 3 1573( 3 e1582( 10 1566( 8 93( 2 1545( 3 1547( 3 1540( 8

a Gas-phase entropies calculated for this series of alcohols (J mol-1 K-1). See text for details.b Threshold collision-induced dissociation, this
work. c Conversion to 298 K using eq 8.d Bimolecular endothermic proton transfer.7 Reported values are upper limits to the true gas-phase acidity.
e Cooks kinetic method.33 f High-pressure mass spectrometry.31 g ∆acidG298 ) ∆acidH298 - T∆acidS298. h Selected ion flow tube kinetics.32 These
values have been increased by+2 kJ/mol from the original reference based on a more recent precise measurement ofD0(HCCH).35 i Ion cyclotron
resonance.24,28

TABLE 5: RO -H Bond Dissociation Energies and RO Enthalpies of Formations (kJ/mol)

∆fH0(RO) D298(RO-H) ∆fH298(RO)

species
D0(RO-H)

TCIDa TCIDb PTSc TCIDd TCID pyrolysise

CH3OH 433( 3 25( 3 28( 2 439( 3 19( 3 16.2
CH3CH2OH 434( 5 -1 ( 5 440( 5 -14 ( 5 -16.6
(CH3)2CHOH 437( 4 -29 ( 4 443( 4 -48 ( 4 -51.9
(CH3)3COH 440( 3 -60 ( 3 446( 3 -85 ( 3 -90.4

a This work,D0(RO-H) ) ∆acidH0 + EA0(RO) - IE0(H). See text for details.b This work,∆fH0(RO) ) D0(RO-H) + ∆fH0(ROH) - ∆fH0(H).
c Photofragment translational spectroscopy38 of CH3O f CH3 + O. d Conversion from 0 to 298 K using eq 8. See text for details.e Recommended
values from pyrolysis kinetics.37

TABLE 6: Enthalpies of Complexation (kJ/mol)

∆cH298

species A1-‚HA2 TCIDa NISTb McMahonc

CH3O-‚H2O 106( 9 100( 1
CH3CH2O-‚H2O 102( 9
CH3CH2O-‚HOCH3 107( 8 114( 12
(CH3)2CHO-‚HOCH3 88 ( 9
(CH3)3CO-‚HOCH3 98 ( 9 107( 4
F-‚HOCH3 123( 9 124( 8
F-‚HOCH2CH3 136( 9 132( 8 136( 3
F- ‚ HOCH(CH3)2 139( 9 135( 8 140( 3
F- ‚ HOC(CH3)3 137( 9 139( 8 140( 3

a This work. b Reference 28.c Reference 29.

∆fH(RO) ) D(RO-H) + ∆fH(ROH) - ∆fH(H) (10)
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4. Scaling Factors.When modeling the competitive dissocia-
tion channels, it is possible to use a separate scaling factor for
one channel as an additional adjustable parameter,8 which acts
similar to a change in reaction degeneracy. In this work, all
product channels are fit without including individual channel
scaling factors; that is,σ0 ) σ0,1 ) σ0,2 in eq A3. Using
independent scaling factors as an additional fitting parameter,
σ0,1 * σ0,2, does of course improve the quality of some
individual fits, but changes the relative threshold energies by
-13 to+2 kJ/mol. The resulting degraded internal consistency
in the gas-phase acidity ladder implies that this second scaling
parameter is fitting random variation in our data, rather than
correcting for deficiencies in the calculated densities of states
or for instrumental detection discrimination.

5. Hindered Rotor Treatment.The torsional motions about
the C-O bonds are treated as hindered rotors for the [F-‚HOR]
complexes and the ROH product channel. Treatment of these
hindered rotors as harmonic oscillators increases the relative
threshold energies by 0.5-1 kJ/mol, which is well within our
error bars. Treatment as free rotors gives lower values by 1
kJ/mol or less. Although more correct than the harmonic
oscillator or free rotor treatment, the hindered rotor treatment
has very little effect on the relative gas-phase acidity values.
Because of this, it was not deemed necessary to use more
sophisticated coupled-rotor treatments, or to employ hindered
rotors for methyl group torsions that appear in both channels.

6. Reaction Temperature.The reactant ions are assumed to
be thermalized to 300 K after many (∼105) collisions with
helium buffer gas in the flow tube source. To test for the
possibility of incompletely thermalized ions, we modeled the
data assuming an internal ion temperature of 500 K. The
extracted relative gas-phase acidities differ by only∼1 kJ/mol.
However, the extracted complexation energies increase by 20-
30 kJ/mol, giving poor agreement with literature complexation
energies. Furthermore, we observe no metastable complex
fragmentation (with no target gas), implying that our reactant
ions are well thermalized.

7. Long-Range Potential.The rotational energy at the
transition state,ER

q(J) in eq A2, is determined at the ion-induced
dipole centrifugal barrier,16 calculated using the polarizability
of the neutral fragment. In reality, the neutral products formed
have permanent dipole moments which could affect the long-
range interaction. Klippenstein30 modeled the [F-‚HOC(CH3)3]
rates of dissociation using variational RRKM theory including
the permanent dipole potential atJ ) 50 for comparison with
the simpler ion-induced dipole model. Overall, this shifts the
relatiVe threshold energies fork1(E) andk2(E) by less than 0.2
kJ/mol, which is well within our error bars.

In summary, the competitive TCID method is extremely
robust for determining relative acidities. That is, most of the
errors in∆E0 from uncertain fitting parameters cancel when
determining the relative gas-phase acidity. However, the internal
consistency of our gas-phase ladder is poorer if the most
complete statistical model is not used. Thus, by anchoring this
series of alcohols to two well-known acids, we can determine
the best fitting method for these competitive TCID measure-
ments. Overall, the biggest deviations result when competitive
or kinetic shift effects are not used in the fitting equation, which
is expected. The next most important considerations for accurate
relative measurements is accounting for symmetry of the
dissociation products and using a reasonable TS model. Errors
in treatment of the rovibrational densities of states mostly cancel
since these errors are present for both dissociation channels.
By comparing our complexation energies for the lower energy

channel with literature values,28,29we provide further evidence
that a loose TS model is best for proton-bound complexes and
that our reactant ions are at or near 300 K. The complexation
energies obtained from the absolute threshold energies are much
more sensitive to model parameters than are the relative gas-
phase acidities obtained from∆E0, as reflected in our reported
uncertainties.

B. Comparison with Literature Values. Table 4 compares
our competitive TCID gas-phase acidities with recent measure-
ments reported in the literature. Our values agree well with
individual equilibrium measurements from high-pressure mass
spectrometry (HPMS)31 and selected-ion flow tube kinetics
(SIFT)32 and less well with the ion cyclotron resonance (ICR)
equilibria24,28and the Cooks kinetic method,33,34but still within
mutual uncertainties. A complete discussion of previous litera-
ture values has been presented,7 and a brief summary follows.
The ICR equilibrium measurements give good relative gas-phase
acidities, but an apparent error in the anchoring of the ICR
acidity ladder results in a systematic offset of 5-8 kJ/mol.
Nevertheless, our∆acidG298(ROH) values are within the(8 kJ/
mol error bars of the updated ICR values in the NIST
database.24,28For methanol, our∆acidH298 value agrees with an
independent HPMS equilibrium study31 and our∆acidG298(ROH)
values agree with the SIFT study,32 which measured the acidities
of 2-propanol and 2-methyl-2-propanol relative to acety-
lene.7,32,35This agreement with independent methods confirms
the reliability of the competitive TCID measurements. Haas and
Harrison33 used the Cooks kinetic method to measure relative
gas-phase acidity measurements of these alcohols. Since the
relative measurements were calibrated against ICR equilibrium
data compiled by Lias et al.,36 their absolute acidities naturally
mimic the ICR values.

Our ∆fH298(RO) results are compared with pyrolysis values
recommended by Batt37 and a recent photofragment translational
spectroscopy value38 for CH3O in Table 5. The competitive
TCID measurements show good agreement with the spectro-
scopic value and are within 3-5 kJ/mol of the pyrolysis data.

V. Conclusions

Our relative gas-phase acidity measurements demonstrate that
the competitive threshold collision-induced dissociation (TCID)
method provides a well anchored gas-phase acidity ladder with
good internal consistency. The well-known absolute gas-phase
acidities of HF and H2O were used as anchors. This treatment
gives excellent agreement with the enthalpy of formation of
CH3O measured by photofragment translational spectroscopy38

and with the gas-phase acidities of (CH3)2CHOH and (CH3)3-
COH measured relative to HCCH by selected ion flow tube
kinetics,32 supporting the accuracy of the TCID method. This
method may be used in the future to measure unknown gas-
phase acidities directly against well-known reference acids.

To interpret the reaction cross section data, product branching
ratios over a 1-2 eV range are measured near the reaction
threshold and modeled by RRKM theory to account for the
kinetic and competitive shifts.8,16 Because the full statistical
treatment of the unimolecular dissociation kinetics is an integral
and essential part of the analysis, the TCID method can be
characterized as a “thermokinetic” method,39,40rather than as a
direct threshold energy measurement. The statistical treatment
allows the determination of relative gas-phase acidity measure-
ments between dissimilar species so that most of the error results
from the individual experimental uncertainties rather than the
quality of the reference acid.
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The new technique of threshold ion-pair production spec-
troscopy developed by Martin and Hepburn11,41,42provides direct
measurements of absolute gas-phase acidities with spectroscopic
precision (<1 cm-1), but so far has been applied only to
diatomics such as HCl and HF. For large systems, the most
reliable method for obtaining relative gas-phase acidities is to
measure the equilibrium constant for the proton-transfer reaction
A1

- + A2H a A1H + A2
-, but direct equilibration is not always

possible for systems where one of the ions is not readily
produced, the equilibrium lies far to one side, or the partial
pressure measurements are problematic. Another method to
bypass such problems is the Cooks kinetic method,33,34,43which
measures the product branching ratio from metastable ion
dissociation or collision-induced dissociation at one or more
ion energies and assumes that the entropic factors for the two
product channels are identical. This principal assumption limits
the kinetic method to studying complexes with very similar
structures in both product channels. The ability to measure an
unknown gas-phase acidity directly against a well-known anchor
acid is a primary advantage of the competitive TCID method.
Also, the TCID method can measure relative gas-phase acidities
of species that differ in acidity by up to 50 kJ/mol, while the
kinetic method and equilibrium measurements are limited to
about 10 kJ/mol in one step. The apparent precision of the
kinetic method for relative acidities is better than the(3-5
kJ/mol uncertainties reported here for TCID, but the approxima-
tions used make the actual accuracy less certain.44 Further
discussion of the Cooks kinetic method has been presented
recently.39,40,44,45

The competitive TCID method bypasses the dynamical
impediments we observed in endoergic bimolecular proton
transfer. In the bimolecular proton-transfer reactions, there is
a short interaction time (∼1 ps) for proton transfer between the
anion and the neutral. During this brief period, the anion must
align with the most acidic hydrogen and deposit translational
energy into the reactant coordinate. For the TCID method, a
thermalized complex is formed and collisionally excited
with a heavy target atom. This complex has a longer time
(∼100 µs) to redistribute its internal energy statistically and
break the hydrogen bond, providing accurate thermochemical
results.

The gas-phase acidities for this series of alcohols show
that ∆acidH(ROH) decreases as the size of the alkyl group
increases; that is, larger alkyl groups stabilize the nega-
tive charge. Similarly, the larger alkoxyl radicals have higher
electron affinities due to stabilization of the anion. As discussed
in early work by Brauman and co-workers,46 anion stabiliza-
tion in the gas phase is a result of the polarizability of the
alkyl group. The series of bond dissociation energies for
the neutral alcohols shows much less variation than the acid-
ities, but D(RO-H) increases as the size of the alkyl group
increases or from primary to secondary to tertiary structures.
Given the small magnitude of this apparent trend, more
high-precision experiments should be performed on a larger
number of alcohols to determine whether size effects or structure
effects are more important in the variation of bond dissociation
energies.

Appendix I. Modeling Equations

This section summarizes the modeling equations used in this
study, which have been previously derived.8,16,47-49 The full
specification of the integration over angular momenta of the
energized complex has not been presented previously. Using
the “statistical” distribution of the energized molecule rotational

energies,16 which assumes that vibrational and rotational degrees
of freedom in the cluster after the collision are statistically
populated, the cross section for a single-channel TCID process
is given by eq A1,

whereE* ) E + Ei - ∆E, E - ∆E is the energy transferred to
the internal energy of the dissociating ion by collision,J is the
total angular momentum after the collision,Jmax is the maximum
rotational quantum number at energyE*, gJ ) 2J + 1, FVr(E*
- ER(J)) is the density of rovibrational states of the energized
molecule excluding the energyER(J) in the inactive 2D external
rotation, andτ(E) is the experimental time window as a function
of energy approximated byτ(E) ) l(µ/2E)1/2, where l is the
flight distance from the gas cell to the mass spectrometer. The
parametersσ0, E0, andN are the same as defined for eq 5. The
rovibrational density of states is calculated using the Beyer-
Swinehart Stein-Rabinovitch direct count algorithm.50-52 The
RRKM dissociation rate coefficient,53,54 k(E*, J; E0), is given
by eq A2,

wheres ) σ/σq is the overall reaction degeneracy for a given
product channel,NVr

q(E) is the sum of states at the transition
state configuration, andh is Planck’s constant. The treatment
of rotational effects has been described previously.16 To model
the energy-resolved competitive collision-induced dissociation
cross section,8 an additional term for the branching ratio is
included as shown in eq A3.

The parameters in eq A3 are the same as in eq A1, exceptfk is
the individual detection probability of product channelk given

σ(E) ) (Nσ0

E ) ∑
i

gi ∫0

E+Ei-E0 (∆E)N-1 ×

(∑J)0

Jmax

gJFVr(E* - ER(J))(1 - exp[-k(E*,J;E0) τ(E)])

∑
J)0

Jmax

gJFVr(E* - ER(J)) ) d(∆E)

(A1)

k(E*,J;E0) )
sNVr

q (E* - ER
q
(J) - E0)

hFVr(E* - ER(J))
(A2)

σk(E) ) (Nσ0,k

E ) ∑
i

gi ∫0

E+Ei-E0,k (∆E)N-1 ×

(∑J)0

Jmax

gJFVr(E* - Er(J))[fk(E*,J)]

∑
J)0

Jmax

gJFVr(E* - Er(J)) ) d(∆E) (A3)
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by eqs A4 and A5, wherekmax ) 2 for two product channels.

The entire dissociation probabilities, not just the rate constants,
are averaged over theJ distributions in eq A1 and A3, a
correction from eq 10 of Rodgers, Ervin, and Armentrout.13 To
account for deficiencies in the transition state model or detector
discrimination effects, individual scaling parameters are intro-
duced8 in eq A3 for the two channels,σ0,1 and σ0,2. Without
this empirical correction,σ0 ) σ0,1 ) σ0,2. Test calculations
employing scaling factors for the individual rateskk instead of
outside the integrations over theE, J distributions gave nearly
identical results.

Appendix II. Hindered Rotor Treatment

Hindered rotor energy levels for the torsions are calculated
using aV(φ) ) (V0/2)(1 - cosnφ) potential, whereV0 is the
barrier height andn is the periodicity of the rotor. Eigenvalues
are calculated by solving the one-dimensional Schro¨dinger’s
equation with a free rotor basis set, as described by Spangler.55

The calculated hindered rotor energy levels are folded into the
Beyer-Swinehart density of states by the Stein-Rabinovitch
method.50-52 The heat capacities and entropies are determined
via direct summation of the partition functions over the energy
levels.

The reduced moment of inertia and the barrier heights for
the hindered rotors are calculated using the methods described
by East and Radom.56 Eclipsed and staggered geometries are
optimized at the MP2/6-31G(d) level fixing only the RaC-OH
(Ra ) H or CH3) dihedral angle, shown below.

At the lowest energy minimum, the moment of inertia of each
rotating group is computed about the axis containing the twisting
bond. The reduced moment of inertia is approximated using
configuration (2,1) in the notation of East and Radom.56 The
barrier to rotation,V0, is calculated using MP2/6-311+G(2df,-
2p) single-point energies at the MP2/6-31G(d) geometry. Table
7 gives the barrier height for the hindered rotor, the reduced
moment of inertia, the symmetry of the rotor, and the harmonic
frequency at the bottom of the well.

The structure above shows the torsional angle,φ, relative to
functional groups looking along the C-O bond. For theσ ) 3

rotors where Ra ) Rb ) Rc, the energy minimum is staggered
(φ ) 60, 180, and 300) and the barrier is eclipsed (φ ) 0, 120,
and 240). Ethanol, where Ra ) CH3 and Rb ) Rc ) H, has a
minimum energy atφ ) 180, a barrier to hindered rotation at
φ ) 120 and 240, a slightly higher minimum atφ ) 60 and
300, and the highest barrier to internal rotation atφ ) 0. The
fluoride-ethanol complex (with H replaced by HF in the
structure) has minima atφ ) 60 and 300, a barrier to rotation
atφ ) 180, and a higher barrier atφ ) 0. This is best explained
by an attractive interaction between the fluoride and the
hydrogens Rb and Rc leading to a minimum, but by a large
repulsion when HF eclipses the methyl group. For 2-propanol,
where Ra ) Rb ) CH3 and Rc ) H, minima occur atφ ) 180
and 300, a slightly higher minimum atφ ) 60, and barriers at
φ ) 0, 120, and 240. The fluoride-2-propanol complex shows
minima atφ ) 180 and 300, a slightly higher minimum atφ )
60, a barrier atφ ) 240, and the highest barriers atφ ) 0 and
120. Adding the fluoride greatly increases the moments of inertia
and slightly increases the barriers to free rotation, except for
the case of methanol where the barrier to free rotation is reduced.
When calculating hindered rotor energy levels, the highest
energy barrier to internal rotation is chosen for the barrier height.
In the final fitting procedure, altering the barrier height by 50%
changes the relative energy difference by no more than 0.1 kJ/
mol.
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