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Gas-Phase Acidities and ©-H Bond Dissociation Enthalpies of Phenol, 3-Methylphenol,
2,4,6-Trimethylphenol, and Ethanoic Acid

1. Introduction

Competitive threshold collision induced dissociation (TCGID)
of a thermalized proton-bound [%H---Y]~ anionic complex
enables a direct measurement of the relative gas-phase acidi
between an unknown and a dissimilar reference atile gas-
phase acidity of a species is an important thermochemical
property and is related to the bond dissociation enthalpy through
the negative ion thermochemical cyél®y(X—H) = AacidHo-

(XH) + EAo(X) — IEg(H). An extensive gas-phase acidity scale
has been constructed from gas-phase-imolecule equilibrium
measurements? An important anchor molecule in the gas-phase
acidity scale is phendl’ However, there remains significant
discrepancy in the literature from gas-phase experimental
measurements;?3 photoacoustic calorimetry studi&s;?6 and
evaluationd’~33 for the gas-phase acidity and—-® bond
dissociation enthalpy of phenol. Theoretical calculations of the
bond dissociation enthalpy also do not converge on a single
value?3:33-46

A debate over the correct value of the-8& bond dissociation
enthalpy of phenol has appeared in the literature recéhtfy*6
Recently, we reported the bond dissociationDefgCsHsO—

H) = 359 + 8 kJ/mol for phenol using the TCID method with
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Energy-resolved, competitive threshold collision-induced dissociation (TCID) methods are used to measure
the gas-phase acidities of phenol, 3-methylphenol, 2,4,6-trimethylphenol, and ethanoic acid relative to hydrogen
cyanide, hydrogen sulfide, and the hydroperoxyl radical using guided ion beam tandem mass spectrometry.
The gas-phase acidities dcigH208(CeHsOH) = 1456 &+ 4 kJ/mol, AacidH208(3-CHsCeH4OH) = 1457+ 5

kJ/mol, AacidH204(2,4,6-(CH)3CsH,OH) = 1456 + 4 kJ/mol, andAacidH206( CH;COOH) = 1457 + 6 kJ/mol

are determined. The-€H bond dissociation enthalpy @fegCsHsO—H) = 361+ 4 kd/mol is derived using

the previously published experimental electron affinity fgHgO, and thermochemical values for the other
species are reported. A comparison of the new TCID values with both experimental and theoretical values
from the literature is presented.

remains unresolved, but the threshold value should be treated
as an upper limitP2gg(CeHsO—H) < 377 + 13 kJ/mol.
The more recently developed competitive TCID methatt

t)z;vercomes the problems associated with the bimolecular proton-

ransfer reactions. Our group reported TCID measurements on
Iproton-bound complexes of a series of alcohols using guided
ion beam mass spectrometry technigti#sThe results from
TCID were in excellent agreement with previously established
literature values and provided absolute acidities with# kJ/
mol. Because of the proven accuracy of the TCID method, we
were confident of our recer,ggCeHsO—H) = 359+ 8 kJ/
mol value, but did not anticipate that a single new measurement
would settle the controversy regarding the bond dissociation
enthalpy of phenol. This paper presents many additional TCID
measurements, and the construction of a thermochemical ladder
in the region of the gas-phase acidity scale of phenol with the
additional acids of 3-methylphenol, 2,4,6-trimethylphenol, etha-
noic acid (acetic acid), hydrogen cyanide, hydrogen sulfide, and
the hydroperoxyl radical. A gas-phase acidity ladder with
interlocking measurements will allow the determination of an
absoluteAcidHo(CsHsOH) and a derive® g9 CsHsO—H) value
with higher precision than those obtained previously.

the single reference acid HCR The Dyog(CsHsO—H) = 359

+ 8 kd/mol value is significantly lower than other recently cited 2. Experimental Methods

experimental values in the literatu¥&2%-22including one from

this laboratory?! Ervin and DeTuri previously used a proton- 2.1. Threshold Collision-Induced DissociationA thermal-
transfer reaction between Cl- CsHsOH in a guided ion beam ized proton-bound [X-H---Y]~ anionic complex is collisionally
experiment (PT/GIB) to determin®,95(CsHsO—H) = 377 + excited at a controlled translational energy, resulting in the two
13 kJ/mol? However, in a subsequent study of similar dissociation products, as shown in reaction 1.

bimolecular proton-transfer reactions, the threshold energies

were found to systematically exceed the expected values-By 5 [X++H++Y] ™ + Xe— X~ + HY + Xe (1a)
kJ/mol#” Better results were obtained by assuming that rotational B
energy is not available to promote reaction. This issue of the —XH+Y +Xe (1b)

role rotational energy in bimolecular proton-transfer reactions

The energy threshold difference between the two reaction

* Corresponding author. E-mail: ervin@chem.unr.edu. channels in reaction 1 is related to the gas-phase acidities of

10.1021/jp0627426 CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/17/2006



Gas-Phase Acidities of Phenols and Ethanoic Acid J. Phys. Chem. A, Vol. 110, No. 35, 20080393

O,H has been previously described in detaf® The thermalized
[X+-+H---Y]~ complexes, where X and Y are one of CN, HS,

HoS Oy, CeHs0, 3-CHC6H40, 2,4,6-(CH)3CeH20, or CHCOO, are
formed in a flow tube reactor by producing Yanions in a

HCN microwave discharge and adding XH downstream of the

microwave discharge. A magnetic sector mass spectrometer is
used to select the complexes before they 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, mass analyzed with a
guadrupole mass filter, and counted using a conversion dynode/
3-CH3CH,OH - ; N :
2,4,6-(CHa) OaHsOH channeltron multiplier operated in negative-ion counting mode.
CHCEFggl'_'" I ) [ Absolute reaction cross-sections are determined as a function
i of collision energy between the reactants; a thorough discussion

; " >
Figure 1. Local thermochemical network (not exactly to scale). Arrows has been presented previousiy:'The origin of the laboratory .
show the 16 combinations of measured gas-phase acidity differencesiOn €nergy is measured before and after each scan by retarding

between the species. potential analysis and checked daily by a time-of-flight mea-
suremenf? The laboratory ion energy is then converted to the
TABLE 1: Thermochemical Values relative collision energyE, in the center-of-mass fran§éTo
- obtain absolute reaction cross-sections under single-collision
thermochemical property value/(kJ/mol) ref conditions, the data are collected at three different pressures
EA(CN) 372.6+0.4 50 and the cross-sections are extrapolated to zero pressure. The
PEO((';'_ECN) fgfzgagf 0.001 552 absolute cross-section magnitudes have an estimated uncertainty
AaocmHo(HCN) 1462'.3i 09 : a of i&}O%, but for two product channels the relative values should
EA(O2) 43.2+ 06 53 be within £10%.
Do(H—-0y) 199.2+ 3.3 54 2.3. Cross-Section ModelingDetails of the cross-section
AtHo(OOH) 16.3+ 2.1 55 modeling have been discussed in detail previog&lgcluding
2223:2%:382)) ﬂ%igi&zém 26 the relative collision energy;, and the angular momentum
AH20CsHsOH) —96.4+ 0.9 57 quantum number,), distributions for competitive threshold
AsH299(3-CHsCeH4OH) -133.6+1.1 58, 59 collision-induced dissociation and treatment of angular momen-
AH2e¢(2,4,6-(CH)3CeH-OH) —176.9+ 2.0 58 tum effectst?#8The analysis is implemented using the CRUNCH
AtHa9g(CH;COOH) —432.1+ 0.4 60 program®® Briefly, the reaction cross-sections for both products
éﬂfé:?—p) %'_231*095'206 fs are modeled_simultaneously using RRKM thé$1i/ to obtain N
EAo(CH,COO) 334.8f 1.0 61 the energy difference between the two channels. The transition

states may be treated as fixed (tight) or orbiting (loose, i.e.,
located at the centrifugal barriéi®%” The long-range potential
is calculated for the ion-induced-dipole interaction with the

2 AacidHo(RH) = D(R—H) — EA(R) + IE(H). ® AscidHo(OOH) derived
from AiHo(OOH).

XH and HY by eq 2. neutral molecule permanent dipole treated either in a zero-dipole
approximatiof® or in a locked-dipole approximatidi,using
AE. = E(1b) — EL(1a)= OA. . 23 the molecular polarizabiliff and dipole momert of the neutral
Fo= Eo(1b) ~ Ko(1a) acido (22) product. CRUNCH also allows use of a transition-state (TS)
O0A cidHo = AH(1b) — A Hy(la)= switching model! The transition-state switching model uses

AHo(HY) — A, Ho(XH) (2b) both an outer loose transition state and an inner t.|g.ht transition
state to fit the experimental data. At a given collision energy,

The equality on the right-hand side of eq 2a holds if there are the TS with the lowest sum of states is considered the restricting

no reverse activation bariers or dynamical constrictions for the 1> @nd is used to calculate the rate conskarfthe total internal
two dissociation channels. To extract the two threshold energies, EN€rgy of the complek* is given by its initial thermal energy
the energy-dependent branching ratio between the two channeld"om the ion source plus the energjransferred upon collision,

is modeled explicitly using RRKM theor248 To construct a  USing the empirical distribution function in eq’3,

local thermochemical network, the relative acidities of sixteen

combinations of seven chemical species are measured and (E— e)N_l

anchored to the well-defined reference acids of HCN, OOH, Pe(e,E) = 00N E (3)
and HS. The local thermochemical network is illustrated in

Figure 1. The previously established thermochemical data for \yhereE is the relative collision energy in the center-of-mass
HCN, OOH, and HS are shown in Table #:49°¢! To derive frame, 0y is a scaling factor related to the total collision cross-
the RO-H bond dissociation enthalpy, we use the precisely section, andN is an adjustable parameter that describes the
known ionization energy (IE) of the hydrogen atom and the efficiency of translational-to-internal energy transfer. The prob-
electron affinity (EA) of the RO radical. An accurate electron  apjjity of dissociation and detection of the energized complex
affinity of the phenoxy radical has been obtained by negative to product channdlis given by first-order reaction kinetics with

ion photoelectron spectroscopyThe photoelectron spectrum  parajlel product channels, as described by eq 4,
of CeHsO~ has a well-resolved origin transition, giving a clear

assignment of the electron affinity. k(E*,J)
2.2. Cross-Section Measurement&xperiments were carried - Pp,(E*J) = T;[l —expko (B ] (4)
out using our guided ion beam tandem mass spectrometer, which Kot (E*,J)
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Figure 2. Single-collision TCID cross sections for [R€H—CN]- — RO~ + HCN, CN~ + ROH as a function of relative collision energy

between [RO-H—CN]~ and Xe. Solid lines show the convoluted fits to the data and dashed lines the corresponding unabfvluteodel
cross-sections.

wherekior. = 2k is the total dissociation rate constant of the 3. Results

individual channelg andz is the time-of-flight of the center- . .

of-mass of the system from the collision cell to the mass 3-1. Cross-Sections and Threshold AnalysisThe cross-
spectrometer detectod. is the angular momentum quantum Sections for X + HY and Y~ + XH products from the
number for the rotational energies of the energized molecule dissociation of the [XH—Y]~ complexes are shown in Figures
and transition-state configuration for the 2-D pseudolinear rotor 2—6. Solid lines in the figures show the convoluted fits to the
comprising the two fragments. To model experimental cross- data, while the dashed lines shove @ K unconvoluted model
sections, eq 4 is integrated over (a) the Boltzmann distribution cross-sections (without the translational or internal energy
of initial internal energies of the proton-bound complex, (b) the distributions but including the RRKM branching ratio and
distribution of energy collisionally transferréd(c) the angular ~ kinetic shift). The energy range used to fit the experimental
momentum distribution in a statistical approximatfaii(d) the data is chosen to reproduce as much of the experimental cross-
Maxwell—Boltzmann thermal velocity distribution of the target  section data as possible while maintaining a good fit in the
gas’® and (e) a Gaussian distribution of ion beam kinetic threshold region. The best fits were achieved by using energy
energies with the measured full-width at half-maximtfiff: The ranges within 0.£-3.0 eV. It is expected that the statistical rate
final model cross-sections are fit to both product channels approximation and density of states calculations are less reliable
simultaneously by a nonlinear least-squares optimization to at higher energies than near threshold. Table 2 lists the results
obtain Eo(1) and AEy along with oo and N as adjustable of the empirical fits for both the zero-dipole and locked-dipole
parameters. approximations for the permanent dipole, whEg€l) = AcHo
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Figure 3. Single-collision TCID cross-sections for [REH—SH]- — RO~ + H,S, HS + ROH as a function of relative collision energy between
[RO—H—-SH] and Xe. Solid lines show the convoluted fits to the data and dashed lines the corresponding unabfvslotedel cross-sections.

is the dissociation threshold energy for the lower-energy channelrestricting TS near the threshold but the tight TS becomes

and is equal to the complex dissociation energy of{i{Y] -, restricting only at slightly higher energies that are still in the
andAEp = Eo(2) — Eo(1) is the energy difference between the region of the rising cross-sections.
two reaction channels. The error bars quoted in Table 2 are the root-sum-of-squares

3.2. RRKM Transition-State Models. A loose, orbiting from individual sources of uncertainty (assuming they are
transition-state mod&6.67was found to satisfactorily fit the  independent of each other) and represent estimates2of
experimental cross-sections for all the complexes shown in Tablecombined standard uncertainti@Jncertainties were included
2, except for the complexes that have a channel leading to thefrom the ion beam energy zero determinatie0.05 eV
formation of HS, for which fits using the loose TS model were (laboratory), from the statistical uncertainty in the least-squares
poor (shown in Figure S1). The loose, orbiting transition-state fit to the data, from the standard deviation of data taken on
model is usually appropriate because the complex is held separate occasions, from the consistency of the model fit using
together by electrostatic forces and hydrogen bonding, ratherdifferent energy ranges, and by varying the model parameters
than a covalent bond. For the cases where a channel leads tased to fit the TCID data by-10%.
the formation of HS, however, the cross-sections could only 3.3. Molecular Orbital Calculations. Representative poten-
be satisfactorily fit by using the transition-state switching tial energy surfaces (PES), for 8s0—H—SH]~ and [GHsO—
model’t For the RO + H,S channel, the loose TS is the H—OOCCH;], calculated at B3LYP/aug-cc-pVDZ using Gauss-



10396 J. Phys. Chem. A, Vol. 110, No. 35, 2006

Angel and Ervin

J[CHOH-0] + Xe —

0.1 5

0.01

CeH O™ + OOH

4.0

-
o
1

0.1 4

reaction cross sections / 107 ¢cm?

0.0

0.1 4

0.01

|[2,4,6-(CH;),CsH,0-H-O,] ™ + Xe —=

2.4,6-(CHy),CoH,0" + OOH |

energy (c m.)/ eV

Figure 4. Single-collision TCID cross-sections for [R€H—0,]~ — RO~ + HOO, O, + ROH as a function of relative collision energy between
[RO—H—-0;]~ and Xe. Solid lines show the convoluted fits to the data and dashed lines the corresponding unabAuéloiedel cross-sections.

ian 03¢ are shown in Figure 7. Both PESs exhibit a deep well high spin contamination resulting in the electron charge being
associated with the formation of the complex and two steep distributed between the products, however, so these calculations
repulsive surfaces out to the product channels. There are nocould not be satisfactorily completed at this level of theory.
reverse potential energy barriers separating the products from Molecular parameters of the complexes and products for the
the complex. An illustration showing the structure of the lowest RRKM modeling are either taken from the literature or
energy complex, where the proton is associated with the phenol,computed at the B3LYP/aug-cc-pVDZ or HF/6-31G(d) levels

is included in Figure 7. Along the exit surfaces out to the
CeHsO™ + H,S and GHsO~ + CH3COOH products both PESs
exhibit small inflection points between70 and—60 kJ/mol
and —110 and—100 kJ/mol, respectively, where the proton
transfers from @HsOH to either HS or CH;COO™. The PES
for [CeHsO-H-CN]~ at the B3LYP/aug-cc-pVDZ level of theory
has been previously publishétiThese surfaces are representa-
tive of the results for complexes of HSCN-, and CHCOO~
with 3-CH;CsH4sOH and 2,4,6-(Ch)sCeH,OH. The PES for
[CeHsO—H—0,]~, which has a doublet ground state, exhibited

of theory and are listed in the supporting material Table S1.
Torsional motions around the-€D axis are treated as hindered
rotors for GHsOH, 3-CHCeH4OH, 2,4,6-(CH)3C6H20H, CHs-
COOH, [GHsO—H—CN]~, [CgHsO—H—SH]~, [CeHs0—H—
O™ [B-CHCHO-H-CNJ", [3-CHCHO—H-SH]",[3-CHCH.O—
H—=07] ", [2,4,6-(CH)3CeH0—H—CN], [2,4,6-(CH;)3CeH0—
H—SH]~, and [2,4,6-(CH)3CsH,0—H—0,]~ using methods
presented previousR?3

3.4. Gas-Phase Acidity DeterminationThe absolute gas-
phase acidities of the alcohols are determined by a least-squares
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Figure 5. Single-collision TCID cross-sections for PH—OOCCH;]~ — X~ + CH;COOH, CHCOO™ + XH as a function of relative collision

energy between [XH—OOCCH;]~ and Xe. Solid lines show the convoluted fits to the data and dashed lines the corresponding unconvoluted 0 K
model cross-sections.

minimization ofy? from eq 5, andtgs is the Student-factor’®
A Ho(AH) — A H (A H) — AE,] k) |2 n 12
Xz _ adeo( j ) acmHO( Kk ) EO(J ) iéj — :|:t950j — :H%[(n - m)le (6)
= Oj,k
1 The covariance matrix method propagates the uncertainties from
Z —1 (5) the individual measurements involving each species, while eq
1=

i K 6 accounts for the self-consistency of the gas-phase acidity
ladder. Our final uncertainties are derived from the greater

where AEy(j,k) = Eoj) — Eo(K) is the measured gas-phase uncertainty of the two methods described above and propagated
acidity difference for the complex [&1A;]~, AacidHo(AjH) and with the uncertainties associated with the literature gas-phase
AacidHo(AH) are the absolute gas-phase acidities, andis acidities of HCN, QH, and HS (Table 1). Table 3 shows the
the uncertainty in the relative gas-phase acidity measurement.AacidHo results from the optimization by eq 5 from both the
The gas-phase acidities of hydrogen sulfide, hydrogen cyanide,zero-dipole and locked-dipole approximations. Both dipole
and the hydroperoxyl radical are treated as constants (Table 1)approximations give finalacido values that agree to within
and the gas-phase acidities of phenol, 3-methylphenol, 2,4,6-1.3 kd/mol. The locked-dipole approximation, however, exhibits
trimethylphenol, and ethanoic acid are the adjustable parametersa greater internal consistency in the final gas-phase acidity ladder
The AEq(j,k) values are the experimental threshold energy when compared to the zero-dipole approximation, as shown by
differences for 48 independent measurements of 16 differenta smallery? by a factor of 3.4.
complexes, with average values and the number of individual  3.5. Thermochemical Derivations Thermochemical values
measurements for each complex listed in Table 2. The numberderived from the present work are summarized in Table 4. The
of measurements involving each species in one product channefinal recommended\,.idHo values are those from the locked-
is v = 21 for GHsOH, v = 19 for 3-CHCsH4OH, v = 16 for dipole approximation. The values fdcidH29s, AacidG298 D2os
2,4,6-(CH)3CsH,OH, andv = 10 for CHECOOH. The 95% (RO—H), andAtH29¢(RO) are then derived fromacigHo using
confidence limits are calculated by either using the square rootsliterature thermochemical values from Table 1 and statistical
of the diagonal elements of the covariance matrix as describedmechanics thermal corrections using molecular parameters given
by Ruscic et al’y or by eq 6, wheren = 48 is the number of in the Supporting Information. The final uncertainties shown
measurementsn = 4 is the number of adjustable parameters, in Table 4 include an additional 0.5 kJ/mol uncertainty for con-
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Figure 6. Single-collision TCID cross-sections for pH—Y]— — X~ + HY, Y~ + XH as a function of relative collision energy between{M—
Y]~ and Xe. Solid lines show the convoluted fits to the data and dashed lines the corresponding unab@vilu@del cross-sections.

version from 0 to 298 K and are propagated with the uncertain- values for [RO-H—SH]~ is more pronounced with the zero-
ties associated with the literature values shown in Table 1.  dipole approximation. The inclusion of the [R®1—SH]~ data
to the optimization by eq 5 results in an increase toAhgHo
values shown in Table 3 of 2:81.1 kJ/mol when the zero-
4.1. Consistency in Gas-Phase Acidity LaddefThe greater ~ dipole AEo values are used but only 1-2.0 kJ/mol when the
consistency in the gas-phase acidity ladder from the locked- locked-dipoleAE, values are used. Statistically, however, the
dipole approximation is shown by the smaj{évalue compared ~ [RO—H—SH]" data cannot be treated as outliers. A comparison
to the ion-induced dipole method in Table 3. The consistency Of the internal consistency of the two dipole models can be
improves again when all the individual measurements from the further evaluated by using only two of tiA&.idHo anchor species
[RO—H—SH]~ complexes are excluded from either of the dipole as constant values with the third.idHo value optimized as an
models. The improvement in consistency is because theadditional unknown. If the gas-phase acidity ofSHs treated
individual AEy values from the [R&-H—SH]~ complexes, as an additional unknown, eq 5 givAscdHo(H2S) = 1456.5
summarized in Table 2, are systematically smaller in magnitude &= 3.6 kJ/mol for the zero-dipole method andcidHo(H.S) =
compared with expected values based onAkg values from 1461.24+ 3.7 kJ/mol with the locked-dipole model. The zero-
the [RO-H—CN]~ and [RO-H—0O;]~ complexes and the dipole value ofA,cidHo(H2S) = 1456.5+ 3.6 kd/mol is outside
accepted acidities of 45, HCN, and HQ@. The offset ofAEg the mutual error bars when compared to thgiHo(H2S) =

4, Discussion
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TABLE 2: Threshold Fitting

zero dipole locked dipole
complex
[X—=H=-Y]~ Eo(1) (eV) AE, (eV) Eo(1) (eV) AE (eV) data sets
[CeHsO—H—-CN |~ 0.83+0.15 0.164+ 0.083 0.86+ 0.15 0.128+ 0.081 3
[3-CH3CsH4O—H—CN]~ 0.91+ 0.16 0.166+ 0.082 0.95+ 0.20 0.136+ 0.087 3
[2,4,6-(CH;)sCsH.O—H—CN]~ 0.90+ 0.26 0.159+ 0.093 0.92+ 0.28 0.133£ 0.103 2
[CeHsO—H—SH]~ 0.99+ 0.18 0.104+ 0.095 1.0+ 0.16 0.116+ 0.094 3
[3-CH3CsH4sO—H—SH]~ 0.93+0.24 0.089t 0.094 0.96+ 0.26 0.111+ 0.094 6
[2,4,6-(CH;)sCeH0—H—SH]~ 0.90+ 0.16 0.104+ 0.104 0.9+ 0.13 0.132+ 0.104 4
[CeHsO—H—04]~ 1.30+0.33 0.216+ 0.094 1.29+ 0.21 0.187+ 0.093 3
[3-CH3CsH4O—H—0;]~ 1.304+0.24 0.209t 0.094 1.33£ 0.26 0.192+ 0.094 2
[2,4,6-(CH;)sCsHO0—H—0;]~ 1.11+0.14 0.204+ 0.095 1.16+ 0.16 0.185+ 0.095 2
[CeHsO—H—OCsH,CH3] ~ 0.90+ 0.29 0.022+ 0.100 0.91+ 0.29 0.024+ 0.100 4
[CeHsO—H—0OCsH(CHaz)3] ~ 0.84+0.39 0.004+ 0.120 0.94+ 0.37 0.003£ 0.120 4
[3-CH3CeH4O—H—OCsH(CHs)s] 0.86+ 0.50 0.022+ 0.140 0.83+ 0.50 0.022+ 0.140 2
[CH3COO—H—-0OCsHs]~ 0.97+ 0.30 0.005t 0.120 0.98+ 0.30 0.011£ 0.120 4
[3-CH3CsH4sO—H—OOCCH;]~ 0.88+ 0.28 0.027+ 0.120 0.82+ 0.27 0.022£ 0.120 2
[2,4,6-(CH;)3CsH,O0—H—OOCCH;] - 0.66+ 0.38 0.021+ 0.140 0.77+ 0.45 0.012+ 0.140 2
[CH;COO—H—-CN]~ 0.96+ 0.43 0.199+ 0.150 1.06+ 0.35 0.172£ 0.150 2
TABLE 3: Preliminary Thermochemical Results (0 K, kJ/mol)
zero dipole locked dipole
species AacidHo? AacidHo® AacidHo*° AaciHo®

CsHsOH 1449.7+ 2.5 (6.0} 1446.7+ 3.0 (2.8) 1451.6t 2.5 (3.3) 1449.6 3.0 (3.0)

3-CHsCeH40 1451.3+ 2.4 (9.0) 1447.2+ 3.3 (3.8) 1451.8+ 2.4 (5.3) 1449.8- 3.3 (3.9)

2,4,6-(CH)sCeH20H 1450.8+ 2.9 (6.7) 14475 3.7 (3.2) 1451.3t 3.0 (3.0) 1450.6t 3.9 (2.7)

CHsCOOH 1450.1+ 4.3 (7.8) 1447.3+ 4.5 (5.4) 1450.6+ 4.3 (6.4) 1449.3+ 4.5 (5.4)

x> 13.8 2.1 4.1 2.1

aH,S, HCN and HOO used as anchot$1,S data removed; HCN and HOO used as ancifdRecommended values (see teft95% confidence
limits calculated using the covariance matfiand in the parentheses by eq®§? value from eq 5.

1464.92+ 0.04 kJ/mol value determined by Hepburn and co- to the AEy values from [RO-H—0O;]~ and [RO-H—CN] .
workers®® The locked-dipole value of,cidHo(H2S) = 1461.2 Figure 7 shows that the PES for gsO0—H—OOCH;]~ also
+ 3.7 kd/mol, however, has overlapping mutual uncertainties exhibits an inflection point at energies betweehl10 and—100
with the literature value. Moreover, when eith®fidHo(HCN) kJ/mol. However, the inflection point is just above the relative
or AacidHo(OOH) is treated as unknown, there is much better electronic energy of the [(ElsO—H—OOCH;]~ complex, and
agreement with their literature values when the locked-dipole the inclusion of zero point energy will probably make the feature
method is used. In our previous work on phenol with the single insignificant for the dissociation process out to products. Similar
reference species of hydrogen cyanéleye simply averaged behavior has been previously observed for the dissociation of
the zero-dipole and locked-dipole results (because both are[CeHsO—H—CN]™.23
approximations) but the significantly greater self-consistency The GHsO~ + OOH channel from the dissociation of the
found here for the locked-dipole method leads us to favor it. [CeHsO—H—0;]~ complex, shown in Figure 4, could also be
The remaining small discrepancy for the [REB—SH]~ fitted using a transition-state switching model. However, unlike
systems could be due to nonstatistical reaction dynamics orthe [RO-H—SH]~ complexes, for [gHsO—H—0O;]~ the inclu-
problems in the RRKM modeling procedure using a transition- sion of a tight TS only improves the fitting at high collision
state switching model. For instance, there is a greater uncertaintyenergies, well above the threshold region. Moreover,Akg
involved in allocating the correct vibrational and rotational values from using a transition-state switching model are identical
constants for the tight transition state for the R& H,S to the AEp values obtained by modeling the ROF OOH
products. Of all the systems studied, only the three {R- channel with a loose TS model. The [RBI—0O;]~ AEp values
SH]~ systems needed the transition-state switching model to shown in Tables 2 and Figure 4 are from cross-section fits from
satisfactorily fit the rising cross-sections from the threshold the loose/loose TS model.
region. The transition-state switching model is always needed 4.2. Comparison with Literature Experiments. A com-
for the dissociation channel that results in RG- H,S parison of our TCID results with the NIST recommended values
formation. The PES, shown in Figure 7, does not exhibit a from proton-transfer equilibrium experiments is shown in Table
barrier along the dissociation coordinate, but only a very small 5.7:10.58.8081Qverall, there is reasonable agreement within the

inflection between-70 and—80 kJ/mol separating the §8s0— uncertainties between all te,idH29s Values withAacidH29 CHs-
H—SH]~ complex and KIS + CgHsO™~ products. This inflection COOH) agreeing the best. However, our TCNR:idH29s results
point is the result of proton transfer fromdsOH to HS™ within show a systematic lower offset of-B kJ/mol when compared

the complex. The requirement for proton transfer and the with the ion cyclotron resonance mass spectrometry (ICR)
resulting high curvature along the reaction path, therefore, couldresults and are lower by-210 kJ/mol when compared to the

be a possible dynamical impediment for the RGQ H,S high-pressure mass spectrometry (HPMS) measurements. Our
dissociation channel. Similar behavior has been previously lower values may be partly attributed to the anchor systems
observed from the reaction cross-sections and PES for theused in the different experiments. For the ICR equilibrium
dissociation of the [HSH—CN]~ complex’® A dynamically studies, phenol, 3-methylphenol, and ethanoic acid are measured
restricted HS + RO~ channel would explain the offset of the relative to each other or several acids with close-lying acidities
AEy values for the [RG-H—SH]~ complexes when compared and anchored to the gas-phase acidity of phenol, which in turn
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Figure 7. Potential energy surfaces for the dissociation of thi#lfO—
H—SH]~ and [GHs:O—H—OOCCH;]~ anionic complexes iiCs sym-
metry. The energy relative to HS+ CgHsOH and CHCOO +
CsHsOH is plotted versus the(H—S)—r(O—H) andr(H—O)—r(O—

H) distance, respectively, at the B3LYP/aug-cc-pVDZ level of theory
without ZPE corrections.

is anchored to the absolute acidities of HCI or HF via a long
chain of interlocking equilibrium measurementshe HPMS
work is similarly anchored via a long chain of interlocking
equilibrium measurements to the gas-phase acidity of ¥4
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the values calculated here from the harmonic frequencies and
rotational constants shown in Table S1 with hindered-rotor
treatments for torsions about the—O axis. The greatest
difference is for the entropy correction fakacidH208(CHs-
COOH). NIST uses &ASygg value that increases th®acidGaos
value by 29-30 kJ/mol on conversion técdH20s, Whereas
our ASgeg = 1154 9 J mol! K1 increase it by 34 kJ/mol. If
we use the experiment&heg(CH;COOH) = 282.84 J mot!

K~1 or experimental vibrational values for GEOOH from
NIST %8 the ASgg value increases further, resulting in an increase
of 36 kd/mol. An increase of46 kJ/mol to the HPMS and
ICR values for AacidH208(CHsCOOH) would give a better
0AacidH208 cOnsistency within the separate experiments; although
it would also make their absolui®,cidH29s( CH;COOH) value
move further away from our TCID acidH20s CHsCOOH) result.

The HPMS study measured thé,iGsoo directly between
CH3COOH and GHsOH, and CHCOOH and 3-CHCgH4OH,
providing 0 AacidGesoo = 6.7 £ 1 kd/mol anddAacidGeoo = 7.9+
1 kJ/mol, respectively. These values compare reasonably well
with our TCID 0 AacidGoes Values exhibited between GEOOH
and GHsOH, and CHCOOH and 3-CHCgH4OH, in Table 4.
The ICR work also directly measured thé\ cidGsso = 1.7
1 kJ/mol between gHsOH and 3-CHCsH4OH. This value is
larger than our TCID value 0dAacidG29s = —1 + 7 kJ/mol
from Table 4.

In our previous pape® we compared our derived-eH bond
dissociation enthalpy of phendd,eg CsHsO—H), with a selec-
tion of experimental and recommended values reported in the
literature. Our refined value presented hebggg(CeHsO—H)
= 361+ 4 kd/mol, is only 2 kJ/mol higher than our previous
value and has not changed the context of that discussion. Table
6 compares oubD,9g(CsHsO—H) value with an updated list of
publishedD,gg(CsHsO—H) values from the literature. Our value
has the best agreement with the recent reevaluation of thé O
bond dissociation enthalpy of phenol by Mulder et*aklyhich
recommends 363 3 kJ/mol. The value recommended in the
2003 compilation by LuG? D,og(CeHsO—H) = 368 & 6 kJ/
mol, is also in reasonable agreement with our refined value with
overlapping error bars. However, the 1998 evaluation by Borges
dos Santos and Martinho Siies° recommende®,og CeHsO—

H) = 371+ 2 kJ/mol, which they derived from an average of
seven values from gas-phase experiments that they considered
to be the most reliable. Our refined value Dfgg(CsHsO—H)

= 361+ 4 kJ/mol supports a bond dissociation enthalpy that is
significantly lower than this 1998 recommendation’s value. Our
value is also 1620 kJ/mol lower than the two independent
threshold values obtained from bimolecular proton-transfer
reactions utilizing guided ion beam instruments: the mass-
analyzed threshold ionization guided ion beam experiment
(MATI/GIB) by Anderson and co-worketdwho obtainedgs

In our TCID studies, the gas-phase acidity ladder is anchored (CsHsO—H) = 381 & 4 kJ/mol from GHsOH" + NDs, and
by direct measurements to the anchor species of HCN, OOH, D20s(CeHsO—H) = <377 & 13 kJ/mol obtained from Cl +

and HS, eliminating possible cumulative errors that could be
present in the equilibrium studies.

CeHsOH from this laboratory. As stated earlier, however,
bimolecular proton-transfer reactions have been observed to give

Table 5 shows that the relative difference between the gas-threshold energies that exceed the thermochemical valtiee

phase acidities oA ;cidH208(CsHsOH) andA acidH208(3-CHsCoH -
OH) is a consistendA;cigH298 = 1—2 kJ/mol when compared
within either the TCID, ICR, or HPMS experiments. However,
the 0AacidH298 = +1 to —7 kd/mol betweergcigH298(CHs-
COOH) andAacidH209(CsHsOH) reveals an inconsistency. A

contributor may be the entropy corrections used by NIST for
the ICR and HPMS values which are derived from the original

AacidG3so and AcidGsoo measurements, respectively. The NIST

proton-transfer reaction of ElsOH™ 4+ ND3 also includes
competition from a dominant H/D exchange process. A large
competitive shift and/or nonstatistical reaction dynamics due
to the short-lived nature of a collision intermediate could cause
the RRKM modeling uséd to be unreliable for extracting the
thermochemical threshold.

4.3. Comparison with Theory.Mulder et al33in their recent
reevaluation paper on the-&1 bond dissociation enthalpy of

temperature and entropy corrections are slightly different from phenol published G3, CBS-QB3, and CBS-APNO theoretical
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TABLE 4: Final Recommended Thermochemical Values (kJ/mol)

species AacidHo AacidHz208? AacicSos® AacidG208° Do(RO—H)¢ D2og( RO—H)? AtH29g(ROY
CeHsOH 1451+ 4 1456+ 4 92+ 6 1429+ 4 356+ 4 361+ 4 47+ 4
3-CHyCsH,OH 1452+5  1457+5 97+ 6 1428+ 6 [351+ 7] [356 + 7] 5+ 7]
24,6-CH):CeH,OH 1451+ 4 1456+ 4 105+ 9 1425+ 5 [334+ 5] [340 + 5] [~55+ 5]
CH3COOH 1451+ 6 1457+ 6 115+ 9 1422+ 7 473+ 6 479+ 6 >—-171+6

aConversion to 298 K calculated by statistical mechanics in the independent-oscillator approximationHsisg= AHo + f0>®ACy(T) dT
with harmonic frequencies and rotational constants shown in Table S1 except including hindered-rotor treatments for torsion abGuaxie C
and Hagg — Ho(H™) and Hags — Ho(H) from Gurvich et af? ° Gas-phase entropy (J mélK~%) calculated using the harmonic frequencies and
rotational constants shown in Table S1 with hindered-rotor treatments for torsions about@hax® andSes(H ') from Gurvich et af? © A,cidGaos
= AacidH298 — TAacicSos d Do(ROfH) = AacidHo + EAo(RO) - |E0(H) eAszgg(RO) = ng&R&H) + Aszgg(ROH) - Aszgs(H). fvValues in
brackets derived using Bf8-CH;CsH4O) = 211.5+ 4.0 kd/mol and EA2,4,6-(CH)sCeH,0) = 195.1+ 4.0 kJ/mol calculated at the CBS-QB3
level of theory with an uncertainty estimated from the absolute deviation of the CBS-QB3 value{@H#) = 215.1 kJ/mol and the experimental
value?®

TABLE 5: Comparison of TCID AgciqH 298 With NIST reevaluatedgg CsHsO—H) = 363 £+ 3 kJ/mol and our TCID
Recommended Literature Values (kJ/mol) value of Dyog(CeHsO—H) = 361 + 4 kJ/mol. A recent
species TCIB ICRP HPMS theoretical paper by Costa Cabral and Caffigcesented a range
CeHsOH 1456+ 4 1461+ 9 1466+ 10 of values forDgg(CsHsO—H) u_sing density fgnctional theory_
3-CH,CsH,OH 1457+ 5 1463+ 9 1467+ 10 and coupled cluster calculations and basis-set extrapolation
2,4,6-(CH)3CsH-0OH 1456+ 4 methods. They concluded that a dual extrapolation of the CCSD/
CH;COOH 1457+ 6  1459+9 1459412 cc-pVDZ/IB3LYP/cc-pVTZ and CCSD/cc-pVTZ/IB3LYP/cc-
1456+ o pVTZ energies using the method of Trulfagiving Dagg
2TCID, results derived from this work.ICR, equilibrium study (CeHsO—H) = 373 kJd/mol is in good agreement with the Borges
using an ion cyclotron resonance mass spectronieteHPMS, dos Santos and Martinho STie° recommended value &g
equilibrium measurement using a high-pressure mass spectroftféter. (CsHsO—H) = 371 + 2 kJ/mol and the earlier DeTuri and
¢ Reference 81. Ervin?l value ofD,gg(CsHsO—H) < 377+ 13 kJ/mol. However,
TABLE 6: Comparison of the TCID Result with Recent as discussed earlier both these values are significantly higher
Experimental Values (kJ/mol) than our newly recommendédbog(CsHsO—H) = 361+ 4 kJ/
method year Do CsHsO—H) ref mol from the.TCID mgtho_d. _
e 2006 B4 this work In our previous publication on phen&iwe used a selection
EVAL 2005 363+ 3 33 of theoretical method§—G3//B3LYP83.84 CBS-QB38586 and
TCID 2004 350+ 8 23 B3LYP/aug-cc-pVT27-°%—to calculate the gas-phase acidity
EVAL 2003 368+ 6 32 of phenol, the electron affinity of phenoxy radical, and thetD
EVAL 1998 371+ 2 30 bond dissociation energy of phenol. The theoretical values were
MATI/GIB 2000 381+ 4 22 found to be in better agreement among themselves for the gas-
PT/GIB 1998 <377+ 13 21

phase acidity of phenol (range of 6 kJ/mol) than for the electron
aTCID, results derived from this work and our previous publication;  affinity of phenoxy radical (range of 13 kJ/ mol) or the-®l
EVAL, recommended value from revie@$#?**MATI/GIB, proton- bond dissociation energy of phenol (range of 21 kJ/mol). This
transfer reaction using a guided ion beam with a mass-analyzed reflects the difficulty of calculating energies for the open-shell
threshold |on|zatllon sourc®;PT/GIB proton-transfer reaction using a aromatic phenoxy radical. DeTuri and ErfArreported that
guided ion bear: higher-level methods, CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-

TABLE 7: Comparison of TCID Results with Theory pVTZ or better, are required to obtain accurate gas-phase
(kJ/mol) acidities within a few kilojoules per mole on the basis of an
AacidH0s Doog AacicHoos evaluation of 12 species that included benzene. Table 7
method (CeHsOH)  (CsHsO-H)  (CHsCOOH) compares our TCID values &cidH208 CsHsOH) andAacidH2os
TCID (this work) 1456+ 4 361+ 4 1457+ 6 (CH3COOH) with those calculated at the CCSD(T)/aug-cc-
CCSD(T)/aug-cc-pVTZ> 1461 1456 pVTZ//IB3LYP/aug-cc-pVTZ level of theory. The TCID mea-
B3LYP/aug-cc-pVTZ2P 1456 351 1450 surement forAcidH206( CH3COOH) is in good agreement with
CBS-QB3™* 1461 364 the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ theoretical
g:;f/ B3LYP>* 1462 33675 value. However, the TCID value fakacidH208CeHsOH) is 5
CBS-APNG 369 kJ/mol lower than the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-
CCSDlce-pVXZ 373 pVTZ value and just outside the uncertainty of the TCID value.

a At the geometry from the B3LYP/aug-cc-pVTZ level of theory. A full geometry optimization at the CCSD(T)/aug-cc-pVTZ

b Corrected with B3LYP/aug-cc-pVDZ zero point energy and converted 1€Vel is beyond our current computational capability.

to 298 K by statistical mechanics in the independent-oscillator

approximation using\\Hzgs = AHo + [¢?%8ACy(T) dT with harmonic 5. Conclusions

oscillator frequencies and rotational constants from Table S1 including

hindered-rotor treatments for torsions about theQCaxis. ¢ Reference We have used the competitive threshold collision-induced

23. 9 Reference 335 Basis-set extrapolated coupled cluster calculation, dissociation method to obtain a local thermochemical network
where X= D and T, calculated at the geometry optimization at the - of gas-phase acidities. From this work, the gas-phase acidities
B3LYP/cc-pVTZ level of theory 0Of AacidH20dCeHsOH) = 1456+ 4 kJ/mol, AacidH203-CHsCaHa
D29g(CeHsO—H) values, shown in Table 7. The G3 and CBS- OH) = 1457 4+ 5 kJ/mol, AacidH29¢(2,4,6-(CH)3CsH,OH) =
APNO values both gavB,ggCsHsO—H) = 369 kd/mol, while 1456 £ 4 kJ/mol, andAacidH208( CHsCOOH) = 1457 & 6 kJ/
CBS-QB3 gavégg CeHsO—H) = 364 kJ/mol. The latter value  mol have been determined relative to the established literature
agrees within the experimental uncertainties with both Mulder’'s values of hydrogen cyanide, hydrogen sulfide, and the hydro-
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peroxyl radical. Our TCID value foracidH208( CH:COOH)
agrees very well with the recommended value from NFST
and with theory at the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-
pVTZ level. The TCID value foAacidH204CsHsOH), however,

is 5 kJ/mol lower than both the NIST recommended vaie
and the CCSD(T)/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ theoreti-
cal value. Our TCID value for the ©H bond dissociation
enthalpy of phenolD2gg CeHsO—H) = 361 4+ 4 kd/mol, is in
good agreement with the recent reevaluation by Mulder €t al.
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