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Competitive Threshold Collision-Induced Dissociation: Gas-Phase Acidities and Bond
Dissociation Energies for a Series of Alcohols
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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-HOCH;]
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 B®. The measured gas-phase acidities/agH295 CH;OH) = 1599

+ 3 kI/mol, AgcidH208( CHsCH,OH) = 1586 + 5 kJ/mol, AacidH20e((CH3).,CHOH) = 1576 &+ 4 kJ/mol, and
AacidH208((CH3)3COH) = 1573+ 3 kJ/mol.

I. Introduction 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 betweeity andA;Hg. There are no known

Bond dissociation energies of hydrocarbon molecules are of
fundamental interest and are important for modeling combustion
and atmospheric processe8.lon chemistry techniques provide

methods for measuring gas-phase acidittesHo(RH), which intrin;ic potential energy barriers along the proton-transfer_
can be related to the bond dissociation energies by use of areactlon pathway, leading us to conclude that there are dynami-

negative ion thermochemical cydlas shown below. pal barrlers to these endothermic proton reactions. D.ynamllcal
impediments to proton transfer could arise from the inability
- f molecular rotational energy to promote the reaction or from
RH—R +H" A, H(RH o : . M
acid {(RH) high curvature along the reaction path, preventing efficient
translation-to-internal energy transfer withr.FResolution 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
RH—R+H D(R—H) = collision-induced dissociatiérfTCID) measurements on proton-

A iH(RH) + EAR) — IE(H) (1) bound complexes. The TCID method enables a direct measure-
ment of the relative gas-phase acidity between an unknown and
The ionization energy (IE) of hydrogen atom is known precisely, a dissimilar reference acid. First a thermalized proton-bound
and accurate values for the electron affinity (EA) of the [A;HA,]~ anionic complex is formed. This complex is then
hydrocarbon radical can be obtained by negative ion photo- collisionally excited at a controlled translational energy and can
electron spectroscopy. dissociate into two product channels, as shown in reaction 3

Recently, we applied guided ion beam mass spectrometry and Figure 1.
techniques to the translational activation of bimolecular endo-
ergic proton-transfer reactions to obtain gas-phase acidifies. - -
evaluate this method, we chose a series of alcohols whose gas- [AHAZ +Xe— A, +AH+Xe AH 1)  (33)
phase acidities are fairly well-known: methanol, ethanol, 2-pro-
panol (isopropyl alcohol), and 2-methyl-2-propaniar-butyl
alcohol). Reaction 2 was studied with fluoride anion as the

R —R+e EA(R)

H" +e —H —1E(H)

—AH+A, +Xe AH,2) (3b)

proton-transfer reagent. The threshold energy difference between the two reaction
channels in reaction 3 is related to the gas-phase acidity of the
F- 4+ ROH— RO + HF alcohol by eq 4.

R =H, CH,;, CH,CH,, (CH,),CH, or (CH,);C (2)
AEy = Ey(2) — Ey(1) * 0A4adHo (42)
The measum 0 K reaction threshold energy for reactiongg,
is an upper limit to the reaction enthalpy;Ho, which is given O0AidHo = AHy(2) — AH (1) =

Aau:icHO(AZH) - AacicHO(AlH) (4b)
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Figure 1. TCID reaction schematic for a proton-bound anionic
complex.

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

species
(X—H) EA (X) Do (X—H) AsgcidHo (XH)
HO—H 176.3419+ 0.002G 494.1+ 0.2 1629.8+ 0.2

F-H  328.1649%+ 0.0004 565.975+ 0.004 1549.860+ 0.004

2 Reference 9° Reference 126 AxidH(RH) = D(R—H) — EA(R)
+ IE(H). ¢ Reference 106 D(R—H) = AaidH(RH) + EA(R) — IE(H).
fReference 11.

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’ To extract the two threshold energies, the energy-
dependent branching ratio between the two channels is modele
explicitly using the RRKM theory model developed recently
by Rodgers and Armentro@t.The statistical unimolecular
decomposition of the complex is modeled to calculate the
product branching kinetics over a-2 eV energy range near
the reaction threshold. The full statistical treatment of the

DeTuri and Ervin

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 1P 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 previoukly The laboratory ion energy
is measured using retarding potential analysis and confirmed
by time-of-flight'3 and is then converted to the relative collision
energy,E, in the center-of-mass frani¢.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 uncertainty50%, but for two
product channels relative values are withil0%.

B. Fitting Procedure. The single-collision reaction cross
sectiong(E), is modeled with the CRUNCH Fortran program
using an empirical threshold lal#!416eq 5,

0Op

o(E) =

YUPEEDNE+E-E)" (9

E
herePp is the RRKM dissociation probability discussed below,
is the experimental time window for dissociatidg, is the

energy of reactant rovibrational stateith fractional population

g corresponding to a MaxwetiBoltzmann distribution at 300

K, go andN are adjustable parameters, dfyds the 0 K reaction

threshold energy. The paramet¢in eq 5 defines the energy-
transfer efficiency of the collision of the complex with xenon.

dissociation pathways allows the use of proton-bound complexes  a¢ar collision with the xenon target gas, there is a limited

of dissimilar ions. The acidities of the alcohols studied here
thus can be measured directly relative to the well-defined anchor
acids HO and HF, for which thermochemical d&t& are listed

in Table 1. We report TCID experiments on the following
systems: A~ = F~ with A,H = CHzOH, CH;CH,OH, (CHg).-
CHOH, and (CH)3COH; A,H = H,0 with A;~ = CH3O~ and
CH3CH,O~; and AH = CH3OH with A;- = CH3CH,O,
(CH3),CHO™, and (CH)3sCO~. Competitive TCID measure-

time window for the energized molecule to dissociate before
mass analysis and detection, resulting in a kinetic Shifile
correct for this kinetic shift using RRKM theory for unimo-
lecular dissociation with an appropriate transition state model,
as described by Rodgers, Ervin, and Armenté§ufor a CID
process with two product channels, there can also be a
competitive shiftt” in which the higher energy channel is
suppressed near its threshold by the presence of the more

ments on the same alcohol paired with different reference acids¢,, o able channel. We use the model of Rodgers and Armen-

allow us to construct a gas-phase acidity ladder to check the
internal consistency of the method. Competitive TCID is a

trout® to treat kinetic and competitive shifts in TCID, in which
both channels are modeled simultaneously using RRKM theory.

relative method so possible errors in the absolute threshold 114 getailed equations we use are presented in Appendix I. An
energies appear in both product channels and should mostly,qyantage of this method is that the observed energy-dependent

cancel.

Il. Experimental Section
A. Cross Section MeasurementsExperiments were carried

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-

out using our guided ion beam tandem mass spectrometer, whiclcies corresponding to the free fragments, i.e., we use a loose

is described in detail elsewheYeBriefly, 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

orbiting transition state model (“phase space lidfit” This
model is appropriate since the complex is held together by ion
dipole forces and hydrogen bonding, rather than a covalent
bond®18 The long-range ion-induced dipole potential is calcu-

hexafluorobenzene as a precursor gas, and the alcohol idated using the molecular polarizabilittésf the neutral product.

introduced downstream of the microwave discharge. TRIOH]
and [RO -HOCHg] complexes are formed by either making
HO™ or CH;O™ in the discharge and introducing ROH down-
stream of the source, or by introducing bothCHor CH;OH

Rotational constants and vibrational frequencies for the com-
plexes and products were computed at the HF/6-31G(d) level
using Gaussian 9%,and vibrational frequencies are scaled by
0.8953?! Table 2 lists the calculated frequencies for the
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TABLE 2: Rotational Constants and Vibrational Frequencies (cnT?)2
[CH3O*HOH] [CH3CH,0~*HOH] [F*HOCH]

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, 26, 68, 123, 250, 306, 410, 453, 760, 55°, 146, 380, 1082, 1123, 1144, 1190,
1180, 1467, 1473, 1487, 1713, 2504, 826, 1023, 1036, 1172, 1174, 1266, 1290, 1474, 1491, 1520, 1649, 2741,

2524, 2580, 2850, 3681 1352, 1396, 1454, 1466, 1497, 1715, 2747, 2756
2515, 2563, 2794, 2861, 2887, 2905,
3683
[CH3CH,O -HOCH;] [(CH3).CHO -HOCH;] [(CH3)sCO -HOCH;]
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, 16, 30, 62, 87, 135, 230, 239, 279, 352, 26, 39, 58, 84, 131, 218, 230, 270, 274,
829, 1031, 1096, 1106, 1126, 1162, 412, 489, 758, 841, 871, 983, 1070, 322,337,397, 454, 478, 695, 826, 829,
1170, 1184, 1268, 1354, 1393, 1454, 1086, 1102, 1122, 1144, 1163, 1188, 899, 989, 1003, 1007, 1040, 1104,
1460, 1466, 1475, 1492, 1498, 1544, 1330, 1351, 1357, 1362, 1448, 1456, 1131, 1163, 1192, 1199, 1248, 1357,
2545, 2567, 2671, 2799, 2812, 2818, 1456, 1457, 1472, 1473, 1488, 1535, 1359, 1376, 1448, 1456, 1458, 1461,

2829, 2863, 2888 2556, 2699, 2792, 2804, 2813, 2814, 1468, 1468, 1475, 1484, 1493, 1551
2826, 2851, 2861, 2884, 2889 2754, 2805, 2806, 2818, 2825, 2840
2846, 2869, 2870, 2882, 2894, 2901, 2905
[F*HOCH,CH;] [F~HOCH(CHy)] [F~*HOC(CH)3]
rotation 0.33,0.15,0.12 0.27,0.09, 0.07 0.16, 0.07, 0.07

vibration 102, 154, 278, 345, 440, 784, 861, 6%, 138, 236, 277, 303, 340, 452, 473, 102, 146, 228, 270, 274, 293, 329, 350,
1045, 1128, 1142, 1163, 1275, 1348, 783, 885, 900, 980, 1083, 1133, 1165, 392, 452, 498, 713, 868, 882, 928, 961,
1391, 1453, 1485, 1499, 1595, 1992, 1180, 1330, 1342, 1368, 1375, 1440, 1013, 1027, 1124, 1208, 1218, 1253,
2760, 2770, 2819, 2869, 2965 1451, 1461, 1485, 1563, 1896, 2731, 1363, 1365, 1382, 1439, 1451, 1453,
2801, 2820, 2847, 2867, 2886, 2952 1459, 1478, 1496, 1599, 2239, 2806,
2813, 2827, 2855, 2858, 2875, 2890,
2947, 2951

aFrom HF/6-31G(d) calculations. Calculated vibrational frequencies have been scaled by2d.8%%&monic frequency removed and treated
as a hindered rotor; see Appendix Il.

complexes; product molecule frequencies have been reportect H,O dissociation channel was observed in TCID of the
previously? Low-frequency torsional motions can be treated as fluoride—water complex because of the large difference in gas-
harmonic oscillators, free rotors, or hindered rotors. We treat phase acidity between hydrogen fluoride and water, 80 kJ/mol
the OH torsional motions as hindered rotors for the fluoride  (Table 1). These observations suggest a gas-phase acidity
alcohol complexes and dissociation products. Details of the difference of about 50 kJ/mol is the limit of the TCID technique
hindered rotor treatment are given in Appendix Il. Methyl rotors for these proton-bound complexes.

are treated as harmonic vibrations; because these modes appear B. Threshold Analysis.Equation A3 is convoluted over the

in the complex and in both product channels, errors from this translational energy distribution of the reactaht§é and used
treatment will tend to cancel. No hindered rotors were consid- to fit both channels simultaneously. Solid lines in Figurest2
ered for the alkoxidemethanol complexes or dissociation show fits to the data. Table 3 lists average fitting parameters
products because torsional motions are present in both producfor each system, wher&y(l) = AHo is the dissociation
channels and will therefore largely cancel. Torsional motions threshold energy for the lower energy channel and is equal to
in the alkoxide-water complexes were treated as harmonic the complex dissociation energhEo = Eo(2) — Eo(1), and
vibrations, but the dissociation channel with an OH torsional EO(Z) is the dissociation threshold energy for the h|ghe|’ energy

motion was treated as a hindered rotor. channel. In the nonlinear least-squares optimizatiBs@) and
AEyp are treated as adjustable parameters. Becky49 and
IIl. Results Eo(2) are correlated, the statistical uncertainty in the relative

A. Product Branching Ratios. Cross section results are  €nergy is much smaller usin§E, as a parameter rather than
summarized in Figures-24. The fluoride-alcohol complex  both Eo(1) andEq(2). Figure 5 shows averaded K relative
dissociations are shown in Figure 2. The cross section of the gas-phase acidity measurements as a ladder. Values are self-
higher energy RO + HF product dissociation channel is at consistent when compared for different pairings, demonstrating
least an order of magnitude smaller than the lower energy ROH that this method can accurately measure relative gas-phase
+ F~ channel. The alkoxidewater complex dissociations are ~ acidities between two dissimilar compounds.
shown in Figure 3. The gas-phase acidities of methanol and The uncertainties in Table 3 for the threshold energies
ethanol were measured relative to water. The alkoxide represent estimates af20. For Eg(1), the uncertainties are
methanol dissociations are shown in Figure 4. calculated as the root-sum-of-squares of uncertainties arising

If the AqcidHo difference is too large, only the lower-energy  from the ion energy determinatios:0.05 eV lab), the statistical
decomposition channel is observed. In the dissociation of the uncertainty in the least-squares fit to the data, the modeling error
ethoxide-water complex, the higher-energy product channel, estimated by fitting different energy ranges, the uncertainties
HO~ + CH3CH,OH, is 2 orders of magnitude smaller than the from model parameters{20% for vibrational frequencies and
lower energy channel, # + CH;CH,O~, showing the factors of two for the experimental time window), and the
sensitivity of this technique. Isopropy! anert-butyl alcohols estimated standard deviation from multiple sets of data Ay
had gas-phase acidity differences too large relative to wate ( the ion energy uncertainty is not included because it exactly
kJ/mol) and only the lower energy product could be observed; cancels and the uncertainties from molecular parameters make
that is, no HO product was observed. Similarly, only the F little difference because of cancellation in the relative threshold
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Figure 2. Single-collision cross sections for (a)-HOCHs]~ — F~
+ CH;OH (circles), HF CH;O™ (squares); (b) [fFH-OCH,CHz]~ —
F~ 4+ CH3CH,OH (circles), HF CH;CH,O~ (squares); (c) [fH-OCH-
(CHs)z]~ — F + (CHs),CHOH (circles), HF+ (CH3).,CHO™ (squares);
(d) [F*H-OC(CHs)s]~ — F~ + (CH3)3COH (circles), HF+ (CH3)sCO™
(squares). Solid lines show the fits to the data described in text.
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Figure 3. Single-collision cross sections for (a) [@BFH-OH]~ —
CH;O~ +H,O((circles), CHOH+HO™ (squares); (b) [CECH,O-H-OH]~
— CH3CHO~ + H0 (circles), CHCH,OH + HO~ (squares). Solid
lines show the fits to the data described in text.

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 ofy? from eq 6,

AacioHO(AjH) - Aaciol_|0(Ak|_|) - AEO(j!k) 2

=2 Oj,k

1

2
I;O'-

K
‘ ()
where AEg(j,k) = Eo(j) — Eo(K) is the measured gas-phase
acidity difference for the complex [&A;j]~, AacidHo(A;H) and
AacidHo(AH) are the absolute gas-phase acidities, afdis

the uncertainty in the individual measurementAf, (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. Akg(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 is8 = 9 for CH;OH, v = 3 for CHs-
CH,OH, v = 5 for (CHg),CHOH, andv = 5 for (CHz)30OH.

The 95% confidence interval uncertainty for acigHAis
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Figure 4. Single-collision cross sections for (a) [@EH,0-H-OCHg]~
— CH3CH,O~ + CH3OH (circles), CHCH,OH + CH;O~ (squares);
(b) [(CH3),CHO-H-OCHs]~ — (CH3),CHO™ + CHz;OH (circles),
(CH3).CHOH + CH3O~ (squares); (c) [(CEsCO-H-OCH;]- —
(CHs)sCO™ + CH3OH (circles), (CH)sCOH + CH;O~ (squares). Solid
lines show the fits to the data described in text.

calculated using eq 7, where = 18 is the number of

measurementsn = 4 is the number of adjustable parameters,

andt,—1 gsis the Student-factor forv — 1 degrees of freedof.

S o

Because the individual uncertaintiegy, are included in eq 6,

ié] =4t o0 = itv—l,gs[(

J. Phys. Chem. A, Vol. 103, No. 35, 1998915

TABLE 3: Fitting Parameters

complex [A-HA7] oo Eo(1) (eV) AEq (eV) N a
[CH30~-HOH] 4.85 1.08+0.10 0.363+0.004 0.89 2
[CH3CH,0~-HOH] 4.45 1.04+0.09 0.502+0.004 0.82 1
[CHsCH,0-HOCH;] 30.7 1.11+0.08 0.129+0.004 0.92 1
[(CH3);CHO -HOCH,;] 11.6 0.92+0.09 0.218+0.004 0.83 1
[(CH3):CO*HOCH;] 20.4 1.12+0.08 0.265+ 0.003 0.75 2
[F~*HOCHy] 1.22 1.24+0.10 0.462+0.003 1.20 3
[F~*HOCH,CHj] 5.33 1.39+0.09 0.303+0.005 1.39 1
[F-HOCH(CHb)] 5.37 1.42+0.09 0.215+0.003 1.65 4
[F*HOC(CHy)4] 2.75 1.40+0.09 0.170+0.003 1.62 3

a Number of complete data sets analyzed for each complex.

H,0
35+4
48+ 4
MeOH
12+ 4
EtOH 204 rg.3
-PrOH 45+ 3
¥ +-BuOH
29+ 5 ¥
21 +3
16 + 3
HF

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

acidities of HF and KO (Table 1). Table 4 summarizes the
final 0 K gas-phase acidity results. The gas-phase acidity ladder
can be checked by treatingacidHo(H20) as an additional
adjustable parameter, with only HF as an anchor point. This
results inAacidHo(H20) = 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.

298
AHyg5=AH,+ ACLT)dT (8)

From our measured enthalpies of reaction, we calcllaigGoos
by eq 9.

AqcidG208 = Aacid208 = TAacicos ()]

The Cp(T) and AacidS terms in eqs 8 and 9 are calculated by
statistical mechanics in the independent vibratiomgid rotor
approximatiof® using previously reported frequencidsiternal
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 assumptfdrof using AacicSos = 92 4+ 8 J
mol~t K~ for all alcohols. In comparingseg(CH:OH) and
S08(CHsCH,OH) with previous evaluatiod3 that employed
more sophisticated treatments of the coupled internal rotors, our

these final uncertainties take into account estimated parametersalues differ by only 0.3 and 1.8 J mdlK™1, respectively.
errors in the model, the reproducibility of separate experiments, Because of substantial cancellation of errors between ROH and
and the self-consistency of the acidity ladder. This uncertainty RO~, we estimate ouf 4S9 Values are withi 2 J motl K1

is propagated with the uncertainties in the literature gas-phaseof the true value. Table 4 lists the calculai®gidH29s Aacidcos,
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TABLE 4: Gas-Phase Acidities (kJ/mol)

AacidHo AacidH298 AacidG298
species TCIDP TCID® endoPT kinetic® HPMS AacidSod TCID® SIFT" ICR
CHsOH 15944+ 3 1599+ 3 <1605+ 3 1595+ 8 1597+ 3 89+ 2 1572+ 3 1565+ 8
CH3CH,OH 1581+ 5 1586+ 5 <1592+ 4 1582+ 8 90+ 2 1559+ 5 1551+ 8
(CHs3),CHOH 1571+ 4 1576+ 4 <1587+5 1572+ 8 92+ 2 1549+ 4 1550+ 3 1543+ 8
(CHs)sCOH 1568+ 3 1573+ 3 <1582+ 10 1566+ 8 93+ 2 1545+ 3 1547+ 3 1540+ 8

2 Gas-phase entropies calculated for this series of alcohols (J'1dol). See text for details Threshold collision-induced dissociation, this
work. ¢ Conversion to 298 K using eq 8 Bimolecular endothermic proton transfeReported values are upper limits to the true gas-phase acidity.
€ Cooks kinetic metho@ fHigh-pressure mass spectrometty? AcidGaos = AacidHz08 — TAacidces " Selected ion flow tube kinetic8. These
values have been increased-b2 kJ/mol from the original reference based on a more recent precise measuregit@ECH) 3% ' lon cyclotron
resonancé*?®

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

Do(RO—H) AiHo(RO) D2eg(RO—H) AtHasRO)
species TCID? TCIDb PTS TCIDd TCID pyrolysis
CH;OH 433+ 3 25+ 3 28+ 2 439+ 3 19+ 3 16.2
CHsCH,0OH 434+ 5 -1+5 440+ 5 -14+5 -16.6
(CHs),CHOH 437+ 4 —29+ 4 443+ 4 —48+ 4 —51.9
(CHs)sCOH 440+ 3 -60+ 3 446+ 3 -85+ 3 -90.4

2 This work, Do(RO—H) = AacidHo + EAo(RO) — IEo(H). See text for details This work, AfHo(RO) = Do(RO—H) + AiHo(ROH) — AHo(H).
¢ Photofragment translational spectrosc8mf CHzO — CH; + O. ¢ Conversion from 0 to 298 K using eq 8. See text for detdiRecommended
values from pyrolysis kinetic¥.

TABLE 6: Enthalpies of Complexation (kJ/mol) 1. Kinetic and Competite Shifts.To interpret the TCID
AcHoss measurements, product branching ratios for both channels must
be calculated explicitlj. RRKM theory for unimolecular

species A™HA, Teib® NIST? McManhor? dissociation is used to calculate the dissociation rate for both
g?g_""ggH o iggi g 100+1 channels for the energy-dependent time window. If our threshold
CHiCHiO*-HEDCH; 10748 114+ 12 data is fit without considering competitive dissociation (single-
(CHs),CHO *HOCH; 88+ 9 channel dissociation using eq Al), the extracted relative gas-
(CHz)3CO-HOCHs 9849 107+ 4 phase acidities increase by-105 kJ/mol. This not only gives
F-HOCH; 123+9  124+8 poor agreement with previous literature values, but the internal
E,',"'ﬁggf_ﬁgib)z iggig géig ﬁgig consist_ency Qf the gas phase acidity I:_:ldc_jer is_ poor. Fitting the
F~ - HOC(CHy)s 13749  139+8 140+ 3 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

and AxcidGaos Values. Our previous restitrom bimolecular importance of modeling the data explicitly to account for the

endoergic proton transfer listed in Table 4 are upper limits to kinetic and.c'ompetmve shifts. )
the true gas-phase acidity. 2. Transition State Parameter§.he cross sections were
Table 5 summarizes the bond dissociation enebpRO— modeled assuming a loose transition state (TS) because the
H), calculated from our gas-phase acidity measurements usingcomplex is held together by electrostatic hydrogen bonding
eq 1 with IE(H}® = 1312.0496+ 0.0010 kJ/mol and EA(RO) rather than a covalent borfdJsing a tight, fixed TS on only
from recent measurements by Lineberger and co-wofkdiise one product channel gives extremely poor fits to the data. Fitting
error bars in the bond dissociation energies are primarily due both channels with a tight, fixed TS changes the relative
to our experimental gas-phase acidity results. Alkoxyl radical threshold energies by5 to +10 kJ/mol, which gives poorer
enthalpies of formation are calculated from eq 10 and listed in internal consistency in our gas-phase acidity ladder, and also
Table 5. lowers the complexation energies by-80 kJ/mol. Table 6
compares the complexation energies from TCID measurements
AH(RO)= D(RO—H) + AH(ROH) — AH(H) (10) with literature valueg82°On average our results agree well and
a lowering of our complexation energies by 20 kJ/mol would
The enthalpies of formation of the alcohols and hydrogen atom give poorer agreement, although still within mutual uncertainties
are taken from the NIST databa®e\Ho9g( CHsOH) = —201.1 for most systems. These results support the use of a loose TS
+ 0.2 kd/mol, AfH29g(CH3CH,OH) = —235.3+ 0.5 kJ/mol, to model our cross section data. Altering vibrational frequencies
AfH20¢((CH3),CHOH) = —272.3+ 0.9 kJ/mol,A¢H29¢((CHg)s- of the complex and the transition statesb20% changes the
COH) = —312.6+ 0.9 kd/mol, andAsHzeg(H) = 217.998+ relative threshold energies k0.5 kd/mol (which is included
0.006 kJ/mol. Table 6 lists complexation enthalpies for the in the uncertainties).
proton-bound complexes at 298 K, calculated frg(t) using 3. Reaction Degeneracy Factofhe following rotational
eq 8. symmetry factors were used in eq A3 to fix the reaction path
degeneracies:o = 2 for HO, 0 = 3 for CHO~ and
(CH3)3CO~, ando = 1 for all other species. Without the use of
A. TCID Model. This section discusses the sensitivity of these symmetry factors, the relative gas-phase acidities shift by
the gas-phase acidities to various assumptions and parameters-10 to+10 kJ/mol, giving poorer self-consistency in the acidity
in the model used to fit the TCID data. ladder.

aThis work.? Reference 28 Reference 29.

IV. Discussion
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4. Scaling Factorswhen modeling the competitive dissocia- channel with literature value$;2°we provide further evidence
tion channels, it is possible to use a separate scaling factor forthat a loose TS model is best for proton-bound complexes and
one channel as an additional adjustable paraniatéich acts that our reactant ions are at or near 300 K. The complexation
similar to a change in reaction degeneracy. In this work, all energies obtained from the absolute threshold energies are much
product channels are fit without including individual channel more sensitive to model parameters than are the relative gas-
scaling factors; that ispg = 001 = 002 in eq A3. Using phase acidities obtained froxE, as reflected in our reported
independent scaling factors as an additional fitting parameter, uncertainties.

0o1 # 0oz does of course improve the quality of some B, Comparison with Literature Values. Table 4 compares
individual fits, but changes the relative threshold energies by our competitive TCID gas-phase acidities with recent measure-
—13to+2 kJ/mol. The resulting degraded internal consistency ments reported in the literature. Our values agree well with
in the gas-phase acidity ladder implies that this second scalingindividual equilibrium measurements from high-pressure mass
parameter is f|tt|ng random variation in our data, rather than Spectrometry (HPMg} and selected-ion flow tube kinetics
correcting for deficiencies in the calculated densities of states (S|FT)?2 and less well with the ion cyclotron resonance (ICR)

or for instrumental detection discrimination. equilibriz2428and the Cooks kinetic meth@@&34but still within
5. Hindered Rotor TreatmenThe torsional motions about  mutual uncertainties. A complete discussion of previous litera-
the C-0 bonds are treated as hindered rotors for theHIOR] ture values has been presentathd a brief summary follows.

complexes and the ROH product channel. Treatment of theseThe ICR equilibrium measurements give good relative gas-phase
hindered rotors as harmonic oscillators increases the relativeacidities, but an apparent error in the anchoring of the ICR
threshold energies by G-8. kJ/mol, which is well within our acidity ladder results in a systematic offset of& kJ/mol.
error bars. Treatment as free rotors gives lower values by 1 Nevertheless, ouh,iGzo(ROH) values are within the-8 kJ/
kJ/mol or less. Although more correct than the harmonic mol error bars of the updated ICR values in the NIST
oscillator or free rotor treatment, the hindered rotor treatment databas@428 For methanol, ouA.cidH20s Value agrees with an
has very little effect on the relative gas-phase acidity values. independent HPMS equilibrium stuthand ourA iGoeg( ROH)
Because of this, it was not deemed necessary to use morevalues agree with the SIFT stué&which measured the acidities
sophisticated coupled-rotor treatments, or to employ hinderedof 2-propanol and 2-methyl-2-propanol relative to acety-
rotors for methyl group torsions that appear in both channels. lene?3235This agreement with independent methods confirms

6. Reaction Temperatur@he reactant ions are assumed to the reliability of the competitive TCID measurements. Haas and
be thermalized to 300 K after many-1(°) collisions with Harrisor?® used the Cooks kinetic method to measure relative
helium buffer gas in the flow tube source. To test for the gas-phase acidity measurements of these alcohols. Since the
possibility of incompletely thermalized ions, we modeled the relative measurements were calibrated against ICR equilibrium
data assuming an internal ion temperature of 500 K. The data compiled by Lias et ai%their absolute acidities naturally
extracted relative gas-phase acidities differ by onlykJ/mol. mimic the ICR values.

However, the extracted complexation energies increase By 20 Our AsH20g(RO) results are compared with pyrolysis values
30 kJ/mol, giving poor agreement with literature complexation recommended by Béftand a recent photofragment translational
energies. Furthermore, we observe no metastable complexspectroscopy valde for CH;O in Table 5. The competitive
fragmentation (with no target gas), implying that our reactant TCID measurements show good agreement with the spectro-
ions are well thermalized. scopic value and are within-% kJ/mol of the pyrolysis data.

7. Long-Range PotentialThe rotational energy at the
transition stateEr*(J) in eq A2, is determined at the ion-induced /. Conclusions
dipole centrifugal barrie¥® calculated using the polarizability
of the neutral fragment. In reality, the neutral products formed  Our relative gas-phase acidity measurements demonstrate that
have permanent dipole moments which could affect the long- the competitive threshold collision-induced dissociation (TCID)
range interaction. Klippenstéfhmodeled the [F*HOC(CHg)3] method provides a well anchored gas-phase acidity ladder with
rates of dissociation using variational RRKM theory including good internal consistency. The well-known absolute gas-phase
the permanent dipole potential &t= 50 for comparison with acidities of HF and KO were used as anchors. This treatment
the simpler ion-induced dipole model. Overall, this shifts the gives excellent agreement with the enthalpy of formation of
relative threshold energies fda(E) andkx(E) by less than 0.2 ~ CH3;O measured by photofragment translational spectros€opy
kJ/mol, which is well within our error bars. and with the gas-phase acidities of (§#CHOH and (CH)a-

In summary, the competitive TCID method is extremely COH measured relative to HCCH by selected ion flow tube
robust for determining relative acidities. That is, most of the Kinetics?? supporting the accuracy of the TCID method. This
errors in AE, from uncertain fitting parameters cancel when Method may be used in the future to measure unknown gas-
determining the relative gas-phase acidity. However, the internal Phase acidities directly against well-known reference acids.
consistency of our gas-phase ladder is poorer if the most To interpret the reaction cross section data, product branching
complete statistical model is not used. Thus, by anchoring this ratios over a +2 eV range are measured near the reaction
series of alcohols to two well-known acids, we can determine threshold and modeled by RRKM theory to account for the
the best fitting method for these competitive TCID measure- kinetic and competitive shifts!6 Because the full statistical
ments. Overall, the biggest deviations result when competitive treatment of the unimolecular dissociation kinetics is an integral
or kinetic shift effects are not used in the fitting equation, which and essential part of the analysis, the TCID method can be
is expected. The next most important considerations for accuratecharacterized as a “thermokinetic” meth@d°rather than as a
relative measurements is accounting for symmetry of the direct threshold energy measurement. The statistical treatment
dissociation products and using a reasonable TS model. Errorsallows the determination of relative gas-phase acidity measure-
in treatment of the rovibrational densities of states mostly cancel ments between dissimilar species so that most of the error results
since these errors are present for both dissociation channelsfrom the individual experimental uncertainties rather than the
By comparing our complexation energies for the lower energy quality of the reference acid.
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The new technique of threshold ion-pair production spec- energies®which assumes that vibrational and rotational degrees
troscopy developed by Martin and Hepbt-*?provides direct of freedom in the cluster after the collision are statistically
measurements of absolute gas-phase acidities with spectroscopipopulated, the cross section for a single-channel TCID process
precision 1 cnl), but so far has been applied only to js given by eq A1,
diatomics such as HCI and HF. For large systems, the most
reliable method for obtaining relative gas-phase acidities is to No.
measure the equilibrium constant for the proton-transfer reaction o(E) = o Z g f-E+Ei—Eo ( AE)N—]_ «
A1~ + AH=A1H + A,, but direct equilibration is not always E |4 tJo
possible for systems where one of the ions is not readily |[j,.,

produced, the equilibrium lies far to one side, or the partial E* — E.())(1 — expl—k(E* J'E.) 7(E
pressure measurements are problematic. Another method to _Zogjp”( RO PEK(E"JE) 7(E))

bypass such problems is the Cooks kinetic mefigé#43which d(AE)
measures the product branching ratio from metastable ion Jmax

dissociation or collision-induced dissociation at one or more Zogapz;r(E* — Er(9)

ion energies and assumes that the entropic factors for the two =

product channels are identical. This principal assumption limits (A1)

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 WhereE* = E+E — AE, E — AE s the energy transferred to
kinetic method and equilibrium measurements are limited to the internal energy of the dissociating ion by collisions the
about 10 kJ/mol in one step. The apparent precision of the total angular momentum after the collisidlax is the maximum
kinetic method for relative acidities is better than th&8—5 rotational quantum number at enerfy, g = 2J + 1, pu(E*
kJ/mol uncertainties reported here for TCID, but the approxima- — Er(J)) is the density of rovibrational states of the energized
tions used make the actual accuracy less ceffaffurther molecule excluding the enerdix(J) in the inactive 2D external
discussion of the Cooks kinetic method has been presentedrotation, and(E) is the experimental time window as a function
recently39.40.44,45 of energy approximated by(E) = I(u/2E)2, wherel is the

The competitive TCID method bypasses the dynamical flight distance from the gas cell to the mass spectrometer. The
impediments we observed in endoergic bimolecular proton parameterso, Eo, andN are the same as defined for eq 5. The
transfer. In the bimolecular proton-transfer reactions, there is rovibrational density of states is calculated using the Beyer
a short interaction time~1 ps) for proton transfer between the = Swinehart SteirRabinovitch direct count algorithf¥-52 The
anion and the neutral. During this brief period, the anion must RRKM dissociation rate coefficier§é;54 K(E*, J; Ey), is given
align with the most acidic hydrogen and deposit translational py eq A2,
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 K(E* JiE.) = SNZ(E —Er () —Ey
(~100 us) to redistribute its internal energy statistically and o ho,,(E* — Ex(J))
break the hydrogen bond, providing accurate thermochemical
results.

The gas-phase acidities for this series of alcohols show

(A2)

wheres = o/o* is the overall reaction degeneracy for a given

that AscH(ROH) decreases as the size of the alkyl group product channelN,*(E) is the sum of states at the transition
increases; that is, larger alkyl groups stabilize the nega- state configuration, anl is Planck’s constant. The treatment

tive charge. Similarly, the larger alkoxyl radicals have higher Of rotational effects has been described previoisiyo model
electron affinities due to stabilization of the anion. As discussed the energy-resolved competitive collision-induced dissociation
in early work by Brauman and co-workeisanion stabiliza- cross sectiofi,an additional term for the branching ratio is
tion in the gas phase is a result of the polarizability of the included as shown in eq A3.

alkyl group. The series of bond dissociation energies for

the neutral alcohols shows much less variation than the acid- (Naov

ities, butD(RO—H) increases as the size of the alkyl group ¢, (E) = ‘ > 9 j;)HEi_EO'k (AENt x
increases or from primary to secondary to tertiary structures. E T

Given the small magnitude of this apparent trend, more Jmax

high-precision experiments should be performed on a larger ‘Zogjpur(E* — E (MIf(E*, )]

number of alcohols to determine whether size effects or structure =

effects are more important in the variation of bond dissociation T d(AE) (A3)
energies.

JZO 950,.(E* — E(J))

Appendix I. Modeling Equations

This section summarizes the modeling equations used in this
study, which have been previously deriviet:#74° The full
specification of the integration over angular momenta of the
energized complex has not been presented previously. UsingThe parameters in eq A3 are the same as in eq Al, eXcipt
the “statistical” distribution of the energized molecule rotational the individual detection probability of product chankejiven
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TABLE 7: Hindered Rotor Parameters2

J. Phys. Chem. A, Vol. 103, No. 35, 1998919

ROH ROHF
R Vo (kJ/mol) I (amu A%) o n v (cm ) Vo (kJ/mol) I (amu A9) o n v (cm )
CH;s 4.4 0.68 3 3 288 1.2 3.1 3 3 71
CHsCH; 5.7 0.84 1 3 268 9.5 27.9 1 2 44
(CHs)CH 5.5 0.86 1 3 284 8.9 43.4 1 3 48
(CHg)sC 5.2 0.87 3 3 278 8.8 54.8 3 3 45

2\, is the height of the highest barrier relative to the lowest energy mininhisithe reduced moment of inertiajs the symmetry of the rotor,
n is the periodicity of the potential, andis the effective harmonic frequency for the bottom of the torsional well.

by eqs A4 and A5, wherkyax = 2 for two product channels.

Kd(E*, J;Eqy)

RN

(1 — expe(B)kalE* JEW]) (A4)

Kmax

ko E* J;Eqy) = ; k(E*, J;Eq)) (A5)

rotors where R= R, = R, the energy minimum is staggered
(¢ = 60, 180, and 300) and the barrier is eclips¢d=0, 120,
and 240). Ethanol, where,R= CHz and R, = R; = H, has a
minimum energy atp = 180, a barrier to hindered rotation at
¢ = 120 and 240, a slightly higher minimum at= 60 and
300, and the highest barrier to internal rotatiorpat 0. The
fluoride—ethanol complex (with H replaced by HF in the
structure) has minima at = 60 and 300, a barrier to rotation
at¢ = 180, and a higher barrier at= 0. This is best explained

The entire dissociation probabilities, not just the rate constants, by an attractive interaction between the fluoride and the

are averaged over thé distributions in eq Al and A3, a
correction from eq 10 of Rodgers, Ervin, and Armentrbuko

hydrogens R and R leading to a minimum, but by a large
repulsion when HF eclipses the methyl group. For 2-propanol,

account for deficiencies in the transition state model or detector where R = R, = CHs and R = H, minima occur at = 180
discrimination effects, individual scaling parameters are intro- and 300, a slightly higher minimum gt= 60, and barriers at

duced in eq A3 for the two channelsso 1 and oo, Without
this empirical correctiongg = 0p1 = 02 Test calculations
employing scaling factors for the individual ratesinstead of
outside the integrations over ttig J distributions gave nearly
identical results.

Appendix Il. Hindered Rotor Treatment

¢ =0, 120, and 240. The fluoride-2-propanol complex shows

minima at¢ = 180 and 300, a slightly higher minimum at=

60, a barrier ap = 240, and the highest barriersgat= 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

Hindered rotor energy levels for the torsions are calculated energy barrier to internal rotation is chosen for the barrier height.

using aV(¢) = (Vo/2)(1 — cosng) potential, wherevy is the

barrier height anah is the periodicity of the rotor. Eigenvalues

are calculated by solving the one-dimensional Sdimger’'s

In the final fitting procedure, altering the barrier height by 50%
changes the relative energy difference by no more than 0.1 kJ/
mol.

equation with a free rotor basis set, as described by Spattgler.

The calculated hindered rotor energy levels are folded into the

Beyer—Swinehart density of states by the SteRabinovitch
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