
Anion photoelectron spectroscopy of deprotonated ortho-, meta-, and para-
methylphenol
Daniel J. Nelson, Wilson K. Gichuhi, Elisa M. Miller, Julia H. Lehman, and W. Carl Lineberger

Citation: The Journal of Chemical Physics 146, 074302 (2017); doi: 10.1063/1.4975330
View online: https://doi.org/10.1063/1.4975330
View Table of Contents: http://aip.scitation.org/toc/jcp/146/7
Published by the American Institute of Physics

Articles you may be interested in

 Photoelectron spectroscopy of the thiazate (NSO-) and thionitrite (SNO-) isomer anions
The Journal of Chemical Physics 147, 013943 (2017); 10.1063/1.4984129

A multi-plate velocity-map imaging design for high-resolution photoelectron spectroscopy
The Journal of Chemical Physics 147, 094201 (2017); 10.1063/1.4996011

Ultrafast internal conversion dynamics of highly excited pyrrole studied with VUV/UV pump probe
spectroscopy
The Journal of Chemical Physics 146, 064306 (2017); 10.1063/1.4975765

 Perspective:  and laboratory spectroscopy related to diffuse interstellar bands
The Journal of Chemical Physics 146, 160901 (2017); 10.1063/1.4980119

 Perspective: Advanced particle imaging
The Journal of Chemical Physics 147, 013601 (2017); 10.1063/1.4983623

Conformation-selective resonant photoelectron imaging from dipole-bound states of cold 3-hydroxyphenoxide
The Journal of Chemical Physics 147, 013910 (2017); 10.1063/1.4979331



THE JOURNAL OF CHEMICAL PHYSICS 146, 074302 (2017)

Anion photoelectron spectroscopy of deprotonated ortho-, meta-,
and para-methylphenol

Daniel J. Nelson, Wilson K. Gichuhi,a) Elisa M. Miller,b) Julia H. Lehman,c)

and W. Carl Linebergerd)

JILA and Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309, USA

(Received 28 November 2016; accepted 20 January 2017; published online 15 February 2017)

The anion photoelectron spectra of ortho-, meta-, and para-methylphenoxide, as well as methyl
deprotonated meta-methylphenol, were measured. Using the Slow Electron Velocity Map Imag-
ing technique, the Electron Affinities (EAs) of the o-, m-, and p-methylphenoxyl radicals were
measured as follows: 2.1991± 0.0014, 2.2177± 0.0014, and 2.1199± 0.0014 eV, respectively. The
EA of m-methylenephenol was also obtained, 1.024± 0.008 eV. In all four cases, the dominant
vibrational progressions observed are due to several ring distortion vibrational normal modes that
were activated upon photodetachment, leading to vibrational progressions spaced by ∼500 cm�1.
Using the methylphenol O–H bond dissociation energies reported by King et al. and revised by
Karsili et al., a thermodynamic cycle was constructed and the acidities of the methylphenol iso-
mers were determined as follows: ∆acidH0

298K = 348.39 ± 0.25, 348.82± 0.25, 350.08± 0.25, and
349.60± 0.25 kcal/mol for cis-ortho-, trans-ortho-, m-, and p-methylphenol, respectively. The exci-
tation energies for the ground doublet state to the lowest excited doublet state electronic transition
in o-, m-, and p-methylphenoxyl were also measured as follows: 1.029± 0.009, 0.962± 0.002, and
1.029± 0.009 eV, respectively. In the photoelectron spectra of the neutral excited states, C–O stretch-
ing modes were excited in addition to ring distortion modes. Electron autodetachment was observed
in the cases of both m- and p-methylphenoxide, with the para isomer showing a lower photon energy
onset for this phenomenon. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975330]

I. INTRODUCTION

Methylphenols, commonly referred to as cresols, are
an important class of molecules in many fields of chem-
istry.1–36 They are commonly used as model systems for
hydrodeoxygenation in catalytic chemistry for refining bio-
fuels,2–6 while the internal rotations of the functional groups
are of great interest to many spectroscopists.7–13 Their ther-
mochemistry and kinetics have also been studied, e.g. King
et al.26 measured the bond dissociation energies of the
O–H bond in each isomer of methylphenol to high accu-
racy (±0.14 kcal/mol), while McMahon and Kebarle36 imple-
mented proton-transfer equilibria studies to measure their
gas phase acidities. The study of the thermochemistry of
methylphenols is often motivated by the desire to understand
the effect of different benzene substitutions on reactivity, par-
ticularly in comparison with their simpler counterparts, phe-
nol and toluene. Through these comparisons, insight can be
gained into the relative contribution of the OH group (which is
strongly electron donating in aromatic systems) compared to
the CH3 group (weakly electron donating), and how these two
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functional groups work in concert to affect reactivity and
electronic structure. Methylphenols have been extensively
studied using a large variety of spectroscopic techniques,
including microwave absorption,7,9 Laser Induced Fluores-
cence (LIF),8,10,11,13,21 Resonance Enhanced Multiphoton
Ionization (REMPI),18,20,24 stimulated Raman-UV optical
double resonance,23 and Hole Burning spectroscopy. In addi-
tion to purely spectroscopic probes, these compounds have
been ionized and detected using Time of Flight (TOF)18,24

and Fourier-Transform Ion Cyclotron Resonance (FTICR)
mass spectrometry.35 However, very little experimental infor-
mation on the methylphenoxyl radicals or their thermo-
chemistry is available. Despite the numerous studies and
the reliance on methylphenols as a model species in cat-
alytic and combustion chemistry, the electron affinity (EA) of
p-methylphenoxyl has only been measured to an accuracy of
∼100 meV,36 while there are no measurements for the other iso-
mers, and the gas phase acidities of all three isomers have been
measured with a fairly large uncertainty (at least 2 kcal/mol).

The present study uses photoelectron spectroscopy to
determine accurate EAs of the methylphenoxyl radicals, and,
in concert with quantum chemical calculations, provides phys-
ical insight into the structures of both the methylphenoxide
anions and methylphenoxyl radicals. Combining the highly
accurate (error of ±0.14 kcal/mol) O–H bond dissociation
energy for each methylphenol isomer from King et al.,26

whose work was revised by Karsili et al.,37 to significantly
alter the values of the ortho and meta isomers, with the
EAs measured in this study allows for the construction of a
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thermodynamic cycle that provides accurate gas phase acidi-
ties.34 The results will also be compared with the previous
work on the phenoxide38,39 and benzyl39 anions, which were
also studied using anion photoelectron spectroscopy. One
might ask if the methylphenoxyls will display a combina-
tion of attributes previously shown by those two anions, or
will the chemistry and spectroscopy have qualitatively differ-
ent behavior? For example, one major difference between the
ortho, meta, and para isomers of methylphenol is based on
possible resonance structures, which will likely influence the
derived chemical properties.

II. EXPERIMENTAL METHODS

Two unique instruments with complementary strengths
are used to investigate the methylphenoxide anions and
their corresponding radicals using anion photoelectron spec-
troscopy. The first instrument utilizes a single frequency cw
argon ion laser light source and a constant spectral resolution
hemispherical electron kinetic energy (eKE) analyzer to mea-
sure photoelectron spectra. The second instrument is based
on pulsed techniques, using a tunable nanosecond laser to
photodetach electrons, and obtains the electron velocity dis-
tribution with a Velocity Map Imaging (VMI) photoelectron
spectrometer whose instrument resolution is a function of the
kinetic energy of the electrons. The two instruments also dif-
fer in the mass resolution and ion generation techniques. In
both experiments, methylphenol samples were obtained from
Sigma Aldrich (≥98% purity) and used without further purifi-
cation. Their chemical structure and chemical purity were
verified with 1H NMR.

The first of the two experimental instruments employed
in this study has been described in detail previously,40,41

and hence, only a brief description with an emphasis on the
methylphenoxide anion production is provided. Methylphe-
noxide anions are prepared in a flowing afterglow (FA) ion
source by proton abstraction from the parent methylphenol
molecules using the hydroxide anion, OH�, or the amide anion,
NH2

�, in approximately 0.5 Torr of helium (He) buffer gas.
After the products (both ionic and neutral) are formed, they
remain in the flow tube for several milliseconds, undergoing
collisions with the helium carrier gas, the trace methylphe-
nol reactant gas, and other products. The flow tube is cryo-
genically cooled to ∼200 K. This collisional environment
allows the reactants and products to evolve toward chem-
ical equilibrium, so the detected anion products need not
be the nascent deprotonated products. The dominant anion
product observed corresponds to deprotonation of the most
acidic site, with trace amounts of other products. Both OH�

and NH2
� are energetically capable42,43 of deprotonating

either the hydroxyl or the methyl sites for all three isomers,
although the hydroxyl site is the most acidic site by over
30 kcal/mol (according to calculations at the B3LYP/aug-cc-
pVQZ level, listed in the supplementary material). The NH2

�

anion is also energetically capable of deprotonating directly
from the benzene ring, but this anion product channel is not
observed.

At the end of the flow tube, the anions in the center of
the flow pass through a 1-mm orifice into a differentially

pumped chamber (∼10�6 Torr). In this chamber, the ions are
focused, steered, and accelerated to 735 eV, mass selected with
a Wien velocity filter (m/∆m≈ 60), and then decelerated to
35 eV before entering the laser-anion interaction region. In the
interaction region, the mass-selected anions are intersected by
single frequency radiation (363.806 nm, 3.408 14 eV) obtained
from an Ar-Ion laser. A small solid angle of the photodetached
electrons is collected in a direction perpendicular to the laser
and ion beams. The kinetic energy of these electrons is then
measured by a hemispherical energy analyzer with a constant
electron energy resolution of 10 meV. Calibration of the abso-
lute electron energy scale is achieved by measuring the O(3P2)
+ e� ← O� (2P3/2) transition in the atomic O� photoelectron
spectrum using the known EA of the O atom, 1.461 12 eV.44

Additionally, a small energy scale compression factor (0.7%)
is applied based on the photoelectron spectrum of O2

�, which
is determined by comparing measured peak positions to the
well-known photoelectron spectrum of O2

�.45 The photoelec-
tron spectra reported here from this machine were obtained
with the laser polarization oriented at the magic angle of 54.7◦

with respect to the photoelectron collection plane. This orienta-
tion yields photoelectron intensities that are proportional to the
total photodetachment cross section.46 The laser polarization
was scanned to measure the anisotropy in the photoelectron
angular distribution, specifically for the peak corresponding
to the origin transition in the methylphenoxide anion photo-
electron spectra. For the methyl deprotonated product for the
meta isomer, the reported anisotropy parameter was averaged
across the spectrum.

The second apparatus has also been described in detail
previously.47 Briefly, the anions of interest are produced in a
dual pulsed valve plasma entrainment source, again from the
deprotonation of methylphenol by reaction with OH�.48 This
source uses two separate pulsed General Valves set perpen-
dicular to each other. One is designated the primary super-
sonic expansion (10 psi, ∼1% methylphenol in Ar), while
the other valve is designated the side valve (35 psi, 1% O2,
30% H2 balance Ar). Under normal operating conditions, the
side valve tension is adjusted such that it is responsible for
only ∼10% of the total pressure rise in the vacuum cham-
ber. The side valve also features a pulsed plate discharge at
the valve exit (�2000 V),48 generating a plasma which is
then entrained in the primary supersonic expansion. The OH�

generated in the plasma source undergoes reactions with the
methylphenol isomer of interest contained in the main expan-
sion, generating products which are collisionally cooled with
Ar. While not necessary to be the case, the most thermody-
namically favorable products (methylphenoxide anions) were
found to be by far the dominant deprotonated methylphenol
produced.

Following the initial expansion, the anions are directed
into a Wiley-McLaren TOF mass spectrometer by a pulsed
extraction plate, where the ions are separated by their mass
to charge ratio (m/z) and spatially focused in the center of
a VMI interaction region.49 An appropriately timed nanosec-
ond laser pulse (discussed below) intersects the anion packet,
photodetaching electrons. All of the photodetached elec-
trons are velocity mapped onto a position sensitive phosphor
screen-coupled microchannel plate detector and subsequently
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imaged by a CCD camera. This photoelectron image is ana-
lyzed first by reconstructing the two dimensional image into a
three dimensional velocity distribution using an inverse Abel
transform as part of the BASEX program package. This three
dimensional distribution is then converted to a one dimensional
electron speed distribution, and finally an electron Kinetic
Energy (eKE) distribution by a Jacobian transformation. This
spectrum is converted to an electron Binding Energy (eBE)
distribution by subtracting eKE from the laser photon energy,
yielding the reported photoelectron spectra. For these experi-
ments, the energy scale is calibrated by the S– photoelectron
spectrum.50,51

In contrast with the hemispherical analyzer, the VMI spec-
trometer has a spectral resolution that is a function of eKE,
namely, the resolution decreases with increasing eKE. This
resolution is determined by the eKE and the Full Width at
Half Maximum (FWHM) of a peak in a photoelectron spec-
trum due to a single transition. In this case, an atomic anion (S�)
was used to determine the resolution as a function of electron
kinetic energy, as well as calibrate the energy scale. Typically,
the resolution is ∼2%–3% (resolution ∼ FWHM/eKE). How-
ever, if the photon energy is within ∼50 meV of the binding
energy of a transition, this results in low kinetic energy elec-
trons, and the instrument attains a resolution of ∼3 meV. This
technique is commonly referred to as Slow Electron Veloc-
ity Map Imaging (SEVI).52 To take advantage of the varying
energy resolution of this spectrometer, a variety of photon
energies are used in this experiment. The 3rd harmonic of a
nanosecond Nd:YAG laser is used directly (355 nm, 3.494 eV).
In addition, a visible light optical parametric oscillator (OPO)
is pumped by the 3rd harmonic of the Nd:YAG laser, supply-
ing tunable light between 400 and 600 nm. Finally, the second
harmonic of the Nd:YAG laser (532 nm, 2.330 eV) is used to
pump a dye laser using DCM dye and producing 647 nm light,
which is then frequency doubled to produce 323 nm (3.832 eV)
light.

III. THEORETICAL METHODS

Electronic and vibrational quantum calculations were car-
ried out using the Gaussian 09 program package.53 All ground
electronic state calculations were at the B3LYP/aug-cc-pVQZ
level of theory and basis set, which has been shown to be an
effective compromise between accuracy and computational
cost for large molecules, such as the substituted aromatic
compounds studied here.54 For excited electronic state calcula-
tions, Time Dependent Density Functional Theory (TD–DFT)
was used with the B3LYP functional and Dunning’s correlation
consistent basis set, aug-cc-pVTZ. The energies and geome-
tries of the anion ground electronic states, neutral ground
electronic states, and neutral first excited electronic states
were optimized for all isomers. In the case of each isomer,
the ground and excited electronic state vibrational informa-
tion was calculated separately for every anionic and neutral
state used to simulate the PE spectra. In addition, the elec-
tron affinities (EAs) and electronic term energies for the o-,
m-, and p-methylphenoxyl radicals were calculated. The cal-
culated geometries, normal mode vectors, and the harmonic
vibrational frequencies of the anion and the corresponding

neutral are used to calculate the Franck-Condon (FC) factors
for the simulated photoelectron spectra using the PESCAL
program.55 In addition, a Boltzmann distribution of anion
internal energy is applied (150 K or 200 K for the pulsed and
continuous experiments, respectively). In the simulation, the
FC factors are calculated using the harmonic oscillator approx-
imation, which includes Duschinsky rotations and employs
the Sharp-Rosenstock-Chen method.56–58 The calculated FC
factors are shown as purple sticks in Figs. 2–6. These sticks
are then convolved with Gaussian functions, whose integral is
normalized to be equal to the calculated transition intensity,
and whose FWHM is consistent with instrumental resolution,
which is a function of eKE for the VMI spectrometer and is
a constant 10 meV for the hemispherical analyzer. The sum
of these Gaussian functions results in the simulated spectra
shown as green traces, which have been scaled in each case
to match the experimental peak amplitude of the origin transi-
tion. Each simulated spectrum has also been shifted by∼40–50
meV to match the experimental electronic band origin.

IV. RESULTS

Before scrutinizing the photoelectron spectra of the prod-
uct anions generated from reacting OH� (or NH2

� in the FA
source) with the methylphenol isomers, it is useful to consider
how the resulting photoelectron spectra from different depro-
tonated products might qualitatively vary. For example, the
EA of the corresponding neutral is a good indication of where
the methylphenol was deprotonated. If the product anion is the
result of deprotonating the alcohol group, the electron affinity
of the neutral should be similar to that of the phenoxyl radical
(EA = 2.2538 ± 0.0008 eV).38 If the product anion is instead
the result of CH3 deprotonation, it is reasonable to expect an
EA of the corresponding neutral to be near that of the benzyl
radical (EA = 0.912 ± 0.006 eV).39 In either case, the electron
is likely to localize on the deprotonated group; this should
result in both a lengthening of the bond between the depro-
tonated group and the aromatic ring, as well as an elongation
of the ring away from the negative charge when compared to
the equilibrium geometry of the corresponding neutral radi-
cal. Thus, upon photodetachment, it might be expected that
there will be vibrational transitions involving excitation in the
neutral ring distortion modes with vibrational frequencies of
∼500 cm�1. In addition, it is reasonable to predict excitation of
vibrational modes in the neutral that incorporate a stretching
motion along the bond between the ring and the deprotonated
group, which would have fundamental vibrational frequencies
of ∼1000–1500 cm�1. In the rest of this section, the resulting
EAs, neutral term energies, and vibrational analysis derived
from the observed photoelectron spectra will be summarized.
For each photoelectron spectrum, the vibrational analysis is
performed by comparing the observed spectrum with the cal-
culated photoelectron spectrum simulation. Throughout this
work, the error in the reported peak positions is related to
the statistical error in finding the peak center, the error in
the absolute energy scale, and the number of independent
measurements of particular peaks. When reporting the posi-
tion of a particular transition, such as the neutral vibrational
frequencies or the EA, this error is combined with the error
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associated with the offset of the actual transition from the peak
center. This uncertainty can be near zero if only a single tran-
sition is the major contributor to the peak shape, or, if there
are multiple transitions under the peak envelope, it could be as
much as the Half-Width-at-Half-Maximum (HWHM) of the
peak. Note that the peaks presented in the reported spectra
are broader than the instrument resolution and always arise
from multiple transitions, so this latter error dominates the
reported uncertainty. In the error analysis for each isomer,
rotational contours were also considered. In every case, the
analysis of Engelking was used59 and the shift between the
centers of the peaks assigned to a particular transition and the
true origin was estimated to be less than 0.1 meV. Thus this
effect was accounted for in the uncertainty of the measure-
ments contained in this work, but was determined to have a
small impact on the reported error, even in the case of the EA
measurements.

A. Electron affinities and term energies
of methylphenoxyl radicals

In order to gain an overview of the full photoelectron spec-
tra, data were collected on the VMI spectrometer with a photon
energy of 3.494 eV (Fig. 1). Following deprotonation from
all three reactant isomers (o-, m-, and p-methylphenol), there
are two progressions observed. The first progression begins at
approximately 2 eV eBE, with a second progression appear-
ing at∼3 eV eBE. Considering the prior arguments, this would
suggest that the anionic product formed is indeed methylphe-
noxide for all three reactant isomers. Further, considering the
photoelectron spectroscopy spin selection rule ∆S ± 1/2, and
the fact that the methylphenoxide anion electronic ground state
has singlet spin multiplicity, these two observed progressions
must both be of doublet multiplicity. The progression starting
near 2 eV in binding energy for each isomer arises from elec-
tron detachment from the anion singlet ground electronic state
to form the neutral doublet ground electronic state (labeled
X̃). Each progression starting near 3 eV in binding energy
corresponds to a vibrational progression arising from transi-
tions from the anion singlet ground electronic state to the first
excited doublet electronic state of the neutral (labeled Ã) of
methylphenoxide. These assignments will be justified in the
following paragraphs. While all three isomers of methylphenol
show evidence of methylphenoxide products, another progres-
sion starting near 1 eV is observed for only the meta isomer.
This will be shown to be the photoelectron spectrum of the
anion product arising from the deprotonation of the methyl
group (see Section E), forming the methylenephenol radical.
It is not expected, based on TD-DFT calculations, that excited
states of methylenephenol would be energetically accessible
in this study.

High resolution photoelectron spectra of the origin peaks
for the transition to the neutral X̃ state for each of the three
methylphenoxide isomers were obtained using the SEVI tech-
nique (Fig. 2). In addition to measuring these portions of the
spectra with increased resolution, the photoelectron spectra
were also simulated and overlaid with experimental data. Con-
sidering the excellent agreement between the experiment and
simulation, we report the EA of o-, m-, and p-methylphenoxyl

FIG. 1. The 355 nm photoelectron spectra of the three methylphenoxide anion
isomers. These data were taken using the VMI photoelectron spectrometer.
The X̃ refers to the ground doublet electronic state, while the Ã refers to the first
excited doublet electronic state of the corresponding neutral methylphenoxyl
radicals. The data are reported as dots, with a line marking the baseline at
zero. The shaded boxes indicate the energy range covered in Fig. 2.

as 2.1991± 0.0014, 2.2177± 0.0014, and 2.1199± 0.0014 eV,
respectively (summarized in Table I).

The transition to the neutral Ã state was investigated for all
three isomers making use of 3.494 eV photons with the VMI
spectrometer and shown in Fig. 3. The photoelectron spectra
for this transition were simulated and overlaid with the exper-
imental data, and again, these agree very well. Therefore, we
can identify the electronic band origin of these progressions at
3.228 ± 0.009, 3.180 ± 0.002, and 3.149 ± 0.009 eV electron
binding energy for o-, m-, and p-methylphenoxyl, respectively.
Thus the term energy between the ground and first excited dou-
blet electronic states of the neutral radicals are determined as
follows: 1.029 ± 0.009, 0.962 ± 0.002, and 1.029 ± 0.009 eV
for o-, m-, and p-methylphenoxyl, respectively (summarized
in Table I). This energy is very similar to that in phenoxyl
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FIG. 2. The Slow Photoelectron Velocity-Map Imaging (SEVI) spectra of o-,
m-, and p-methylphenoxide, allowing for the determination of the EAs of the
corresponding methylphenoxyls. Experimental data are reported as dots, with
a line marking the baseline at zero. Peaks labeled with an asterisk possibly
represent the methyl hindered rotor vibrational transitions discussed in the text.
Simulated Franck-Condon factors (T = 150 K) are shown as purple sticks and
their convolution with the experimental resolution is shown in green. Note the
x-axis only spans 220 meV, while Fig. 1 spanned 1.5 eV.

(1.06(5) eV),39 although the excited neutral state was not
explored in detail in that study. Note that for the ortho and para
isomers, a conservative error bar of 9 meV is used. This is based
on the HWHM of the origin peak. However, the simulation
suggests that for the meta isomer, less significant transitions
are symmetrically distributed about the origin transition in
peak A, suggesting that a smaller error bar of ±0.002 eV is
warranted.

In addition to the electron affinities, photoelectron angular
distributions with respect to the laser polarization, character-
ized by the anisotropy parameter (β), were measured for these
photoelectron spectra.46 Since the electron is being detached
from what can be described as an oxygen p-like orbital, it

is expected that we should observe a negative β. Photode-
tachment forming the neutral X̃ state shows the same pho-
toelectron anisotropy for the three isomers, β ∼ �0.3, using
3.494 or 3.408 eV photons. This was also measured for the
methylenephenol anion and is approximately the same as for
the methylphenoxides, β ∼ �0.3. The photoelectron angular
distribution resulting from photodetachment to form the neu-
tral Ã state for all three isomers was isotropic (β∼ 0). However,
these transitions are all close in binding energy (<400 meV) to
the photon energy used to examine them, and so an isotropic
angular distribution is expected.60

B. Vibrational analysis: ortho-methylphenoxyl

The vibrational progression in the o-methylphenoxide
photoelectron spectrum resulting from the transition to the
o-methylphenoxyl radical X̃ state was studied in the hemi-
spherical analyzer and is shown in Fig. 4. It is evident that
there is a progression resulting from exciting ring distortion
vibrational modes, as the dominant peaks observed are spaced
by approximately 500 cm�1, as expected. All of the observed
peaks are broader than the instrument resolution, implying
that each peak is comprised of multiple overlapping transi-
tions. Nonetheless, the partially resolved peak doublet labeled
B and C may be fit to two Gaussian functions, and their posi-
tions relative to the band origin are 434 ± 8 and 542 ± 8 cm�1,
respectively. While all of the peaks with larger binding energy
than C are predicted to be due to multiple transitions and are
beyond the ability of either instrument to resolve, peaks B and
C are predicted to be primarily due to only a few transitions.
Peak B is predicted to be due to a transition from the ground
vibrational state of the anion to one quanta in a ring distortion
vibrational mode in the neutral (331

0 = 430± 80 cm−1), which
has a calculated harmonic frequency of 453 cm�1. Peak C is
due to two transitions, each starting in the ground vibrational
state of the anion and going to one quanta in two differ-
ent ring distortion vibrational modes of the neutral molecule
(301

0, 311
0 = 540 ± 80 cm−1). These two modes are calculated

to have harmonic frequencies of 540 and 577 cm�1. The hin-
dered methyl rotor vibrational mode was possibly resolved
for o-methylphenoxyl, seen in Fig. 2, indicated with an aster-
isk, and located 196 ± 8 cm�1 relative to the origin. This
peak is likely due to a transition from the ground vibrational
state in the anion to two quanta in the hindered methyl rotor
vibration in the neutral state, 392

0 = 196 ± 16 cm−1. Neglect-
ing anharmonicity, 391

0 = 98 ± 8 cm−1 is derived, which
compares well with the calculated harmonic frequency of
106 cm�1. However, due to the inherent complexity of hin-
dered rotor vibrations, a harmonic approximation is likely
not valid, and so this assignment, while plausible, is only
suggested.

The vibrational progression resulting from the transition
to the excited electronic Ã state of the o-methylphenoxyl rad-
ical can be seen in Fig. 3. None of the peaks observed in
the spectrum are resolution limited, which again indicates
that there are multiple transitions contributing to each peak.
The photoelectron spectrum was simulated and reproduces the
experiment with excellent agreement. Peak A is assigned as the
band origin, with peaks B and C being located 483 ± 16 cm�1
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TABLE I. Summary of results. The SEVI technique was used to obtain the EAs of the three methylphenoxyl isomers. Combining these with the results from
King et al.26 and Karsili et al.37 allows for the determination of the gas phase acidities shown. The term energies determined in the current study for the
methylphenoxyl radical Ã← X̃ electronic transitions are also listed.

Deprotonated methylphenol D0 (CH3–PhO–H) ∆acidHo
0K (CH3–PhO–H) ∆acidHo

298K (CH3–PhO–H) T0 (Ã← X̃)
isomer EA (eV) (kcal/mol)a (kcal/mol) (kcal/mol)b (CH3–PhO•)(eV)

cis cis cis

84.43 ± 0.14 347.31 ± 0.14 348.39 ± 0.25

2.1991 ± 0.0014 1.029 ± 0.009

trans trans trans

84.86 ± 0.14 347.74 ± 0.14 348.82 ± 0.25

2.2177 ± 0.0014 86.53 ± 0.14 348.98 ± 0.14 350.08 ± 0.25 0.962 ± 0.002

2.1199 ± 0.0014 83.83 ± 0.14 348.53 ± 0.14 349.60 ± 0.25 1.029 ± 0.009

aResults from King et al.26 and Karsili et al.37

bObtained from the 0 K experimental results and calculated Cp values at the B3LYP/aug-cc-pVQZ level. The increased error from the 0 K results is due to uncertainty in the calculated
heat capacities.

and 1225 ± 16 cm�1 higher in binding energy, respectively.
While there are several predicted transitions with significant
FC factors attributed to peak B, the peak intensity and posi-
tion is primarily due to a transition from the anion vibrational
ground state to one quanta in a ring distortion vibrational mode
in the neutral Ã state, 321

0 = 480 ± 190 cm−1, predicted to
have a harmonic frequency of 506 cm�1. Peak C is similarly
broadened past the instrument resolution, but its dominant con-
tributor (based on FC factor intensity) is predicted to be due
to a transition from the anion vibrational ground state to a sin-
gle quanta in a quasi C–O stretching mode in the neutral Ã
state, 151

0 = 1220 ± 130 cm−1, predicted to have a harmonic
frequency of 1312 cm�1.

C. Vibrational analysis: meta-methylphenoxyl

The vibrational progression in the m-methylphenoxide
photoelectron spectrum resulting from detachment to the m-
methylphenoxyl radical X̃ state was studied in the continuous
experiment (see Fig. 4). As with the ortho isomer, a progres-
sion spaced by approximately 500 cm�1 is observed for the
meta isomer, once again suggesting that ring distortion modes
are excited upon photodetachment of the anion. Assuming that
peaks B–D are due to only one mode, these peaks are due to
transitions from the ground anionic state to 1, 2, or 3 quanta of
a single vibrational mode in the neutral state, with peak loca-
tions (relative to the EA) of 564 ± 8 cm�1, 1079 ± 8 cm�1,
and 1587 ± 8 cm�1 for peaks B, C, and D, respectively. These
correspond to the following transitions: 311

0 = 560±50 cm−1,

312
0 = 1080 ± 64 cm−1, 313

0 = 1590 ± 90 cm−1. The sim-
ulated spectrum (overlaid) agrees well with the experiment
and confirms that this vibrational progression is primarily due
to transitions from the ground anionic state to excitation in
a ring distortion vibrational mode in the neutral state with a
calculated harmonic frequency of 540 cm�1, agreeing with
the experimentally measured 311

0 = 560 ± 50 cm−1 transition.
The hindered methyl rotor vibrational mode was also likely
measured for m-methylphenoxyl (Fig. 2, designated with an
asterisk, located at 134 ± 8 cm�1 relative to the origin). This
peak is possibly due to a transition from the ground vibrational
state in the anion to two quanta in the hindered methyl rotor,
392

0 = 135 ± 16 cm−1. This allows for a determination of the
methyl hindered rotation vibrational frequency, assuming no
anharmonicity, 391

0 = 67 ± 8 cm−1, compared with the calcu-
lated harmonic frequency of 81 cm�1. Again, this assignment
should only be suggested, due to the anharmonicity of hindered
rotor vibrations.

The photoelectron spectrum vibrational progression
observed for the transition to the excited Ã state of the m-
methylphenoxyl radical can be seen in Fig. 3, overlaid with
the simulated spectrum. Peak A is assigned as the band origin,
with peaks B and C located 523 ± 8 cm�1 and 1260 ± 8 cm�1

higher in binding energy, relative to peak A. According to the
simulation, peak B has many contributing transitions, broad-
ening it past instrument resolution, but it is primarily due to
two transitions from the anionic ground vibronic state to one
quanta in either of two ring distortion vibrational modes in
the neutral Ã state, 311

0, 321
0 = 520 ± 96 cm−1, predicted to
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FIG. 3. The 355 nm anion photoelectron spectra of o-, m-, and p-
methylphenoxide, examining the first excited doublet electronic states (Ã)
of the methylphenoxyl radicals. Experimental data are shown as dots. Simu-
lated Franck-Condon factors are shown as purple sticks and their convolution
with the experimental resolution is shown in green.

have harmonic frequencies of 516 and 542 cm�1. These peaks
cannot be resolved due to our instrument resolution. Peak C is
similarly broadened past instrument resolution and is predicted
to be primarily due to a transition from the anionic ground state
to a single quanta in a quasi O–C stretching mode in the neu-
tral Ã state, 151

0 = 1260 ± 90 cm−1, which has a calculated
harmonic frequency of 1330 cm�1.

D. Vibrational analysis: para-methylphenoxyl

The photoelectron spectrum of p-methylphenoxide,
accessing the neutral X̃ state, was studied in the VMI spec-
trometer with a photon energy of 2.520 eV (Fig. 4). Peak
A is assigned as the band origin. Peaks B and C, located at
460 ± 8 cm�1 and 921 ± 8 cm�1 relative to the origin, sug-
gest a vibrational progression arising from transitions from the

FIG. 4. The anion photoelectron spectra of o-, m-, and p-methylphenoxide,
examining the ground doublet electronic states of the methylphenoxyls. Exper-
imental data are displayed as dots. The top two panels were obtained with a
photon energy of 3.408 eV using a hemispherical energy analyzer, while the
bottom panel was collected using a VMI spectrometer with a photon energy
of 2.520 eV. Simulated Franck-Condon factors are shown as purple sticks and
their convolution with the experimental resolution is shown in green.

ground state of the anion to the p-methylphenoxyl ground state
with one or two quanta (for peaks B and C) in a ring distortion
vibrational mode in the neutral radical, 321

0 = 460 ± 40 cm−1

and 322
0 = 920 ± 40 cm−1. The simulated spectrum agrees

with the measured transition and predicts this ring distortion
harmonic frequency to be 463 cm�1. There is one notable dis-
agreement with theory that may be seen in this spectrum,
located at ∼2.5 eV binding energy and labeled D. Peak D
contains 3 separate peaks at 2893 ± 8, 2931 ± 8, and 3006
± 8 cm�1, relative to peak A. These are reasonable frequencies
for C–H stretching modes in the radical, but their intensities
are not recovered in the simulation. It should be noted that
due to the nature of the variable resolution of the VMI and
the location of the peaks being close to the photon energy, the
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peak amplitudes exaggerate the perceived importance of these
transitions. In fact, the integrated intensity of these peaks is
approximately equal to half the intensity of peak C.

The p-methylphenoxide photoelectron spectrum access-
ing the neutral excited Ã state is shown in Fig. 3, and overlaid
with the simulated spectrum. Peak A is the band origin. Peak
B, located 459 ± 8 cm�1 from the origin, corresponds to the
transition from the anionic vibrational ground state to one
quanta in a ring distortion vibrational mode in the neutral Ã
state, 321

0 = 460 ± 80 cm−1, with a predicted harmonic vibra-
tional frequency of 461 cm�1. Peak C, located at 1239 ± 8
cm�1 relative to the origin, is assigned to a transition from
the anionic ground vibrational state to one quanta in a quasi
C–O stretch vibrational mode, 151

0 = 1240 ± 90 cm−1, in the
neutral Ã state with a calculated fundamental vibrational fre-
quency of 1320 cm�1. Finally peak D, located at 1703 ± 80
cm�1, relative to peak A, is assigned to a combination band,
151

0321
0 = 1700 ± 90 cm−1.

E. CH3 deprotonated meta-methylphenol

The meta isomer of methylphenol behaves differently
from the other isomers in its chemical reactivity. While the
other isomers only show evidence of deprotonation at the
alcohol group, the meta isomer displays deprotonation at the
methyl group as well. The photoelectron spectrum of methyl
deprotonated m-methylphenol is shown in Fig. 5, with the sim-
ulated spectrum overlaid. While the agreement between the
experiment and the simulation is clear, there is more broad-
ening than predicted. The dominant peaks in the spectrum are
spaced by ∼500 cm�1, again indicating that there is signifi-
cant vibrational activity in ring distortion vibrational modes
in the neutral radical. Peak A, the band origin, arises from
the transition from the ground vibronic state of the anion to
the ground vibronic state of the neutral. As such, the EA of
m-methylenephenol is 1.024 ± 0.008 eV. Peak B is located
513 ± 8 cm�1 higher in binding energy relative to peak A.

FIG. 5. Photoelectron spectrum of methyl deprotonated meta-methylphenol,
taken with a photon energy of 3.408 eV and collected with a hemispheri-
cal energy analyzer. Experimental data are plotted with dots, the calculated
Franck-Condon factors are shown as purple sticks, and the stick spectra
convolved with the experimental resolution is shown in green.

The simulation predicts that peak B is mainly due to vibra-
tional transitions from the anionic ground state to one quanta
in either of two modes, 311

0, 301
0 = 510 ± 110 cm−1, with pre-

dicted harmonic frequencies of 525 and 547 cm�1. However,
due to our resolution, we could not resolve these. Our calcu-
lations show that the CH2 and OH groups lie in the plane of
the ring for both anion and neutral states, and thus, excitations
of CH2 umbrella modes or OH internal rotations are neither
expected nor observed.

F. Photon energy dependence
of the para-methylphenoxide photoelectron spectra

The photoelectron spectrum of p-methylphenoxide was
first obtained using the fixed frequency (364 nm, 3.408 eV)
spectrometer. The simulated spectrum did not reproduce the
relative intensity of the first three peaks in the experimental
photoelectron spectrum as well as we would normally expect;
additionally, empirically adjusting bond lengths and angles in
the simulation did not improve the comparison. Consequently,
the VMI instrument, which utilizes a tunable light source, was
employed to reinvestigate the photoelectron spectrum of p-
methylphenoxide at a number of photon energies above and
below 3.408 eV, and shown in Fig. 6. The photon energies
employed spanned from 3.494 eV (panel A) to 2.520 eV (panel
D). The experimental photoelectron spectra show substantial
variations over this range of photon energies. An additional
two photon energies were used during this investigation and
are reported in the supplementary material.

An important assumption for all of the calculated photo-
electron spectra simulations reported here is that the electronic
contribution to the overall photodetachment cross section is
essentially constant over the photon energy range correspond-
ing to the width of the vibronic envelope; in this limit, the rela-
tive intensities of the vibronic transitions are well-represented
by the calculated Franck-Condon factors. This assumption
means that the simulated photoelectron spectrum should not
depend on photon energy. Thus the photoelectron spectra
simulations (solid green lines) plotted in all four panels of
Fig. 6 differ only in the convolution of the Franck-Condon
factors to reflect the changing experimental resolution with
photoelectron kinetic energy. The experimental data in Fig. 6,
however, show a significant photon energy dependence of the
p-methylphenoxide photoelectron spectrum, which cannot be
justified by the changing experimental resolution. While there
is good agreement between the experiment and the photo-
electron simulation at the lowest photon energy (panel D),
theory and experiment fall further out of agreement as the
photon energy increases. As the photon energy is increased,
there are several peaks which change intensity relative to the
origin peak, and there is an appearance of a broad contin-
uum under the spectrum in the top panel. For example, the
highlighted peak in Fig. 6 changes intensity relative to its
neighboring peaks with different photon energies. This behav-
ior arises from electron autodetachment, a multistep process
whereby the anion absorbs a photon to an excited anionic
state which lies above the electron detachment threshold, and
subsequently transfers to the neutral ground electronic state,
ejecting an electron in the process. TD-DFT calculations
predict eight optically accessible anion excited electronic
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FIG. 6. Photoelectron spectra of p-methylphenoxide taken at a variety of pho-
ton energies, displaying a photon energy dependence as discussed further in
the text. Data in panels A, C, and D (hν = 3.494 eV, 2.920 eV, and 2.520 eV)
are obtained with a VMI spectrometer, while panel B (hν = 3.408 eV) was
collected with a hemispherical energy analyzer. Experimental data are shown
as dots, while calculated Franck-Condon factors are shown as purple sticks
and their convolution with experimental resolution shown in green. The high-
lighted peaks emphasize the intensity dependence on photon energy and are
attributed to autodetachment, which is discussed further in the text.

states between 1.9 and 3.3 eV above the ground anion state,
and thus, it is outside the scope of this work to further
pursue a theoretical modeling of these spectra. In the current

study, m-methylphenoxide also displayed evidence of autode-
tachment, but at a greater photon energy (3.832 eV) than
p-methylphenoxide. (See Fig. S3 in the supplementary mate-
rial.) Observing autodetachment from o-methylphenoxide was
not pursued in this work, but likely exists as well. This will be
discussed in greater detail in Sec. V.

V. DISCUSSION

The photoelectron spectra of methyl deprotonated m-
methylphenol and o-, m-, and p-methylphenoxide have been
presented. In the following discussion, the electron affinities
and active vibrational modes of the corresponding neutral radi-
cals will be compared with other substituted aromatic radicals,
e.g., halobenzyl, phenoxyl, and benzyl radicals. In addition,
the autodetachment behavior of the methylphenoxides stud-
ied in this work will be discussed and compared with previous
work on phenoxide. Finally, we combine the experimental EAs
with the methylphenol O–H bond dissociation energies26,37 to
derive the gas phase acidity of the three methylphenols.

The electron affinities of the three methylphenoxyl iso-
mers are all close to 2.2 eV, while the meta isomer has the
largest EA, and the para has the smallest (see Table I). This
ordering can be readily rationalized using resonance stabiliza-
tion and aromaticity concepts: the meta isomer does not benefit
from resonance stabilization of the neutral radical, whereas
the ortho and para isomers do. In the neutral meta form, the
electron donating group (CH3) cannot donate charge to the
strongly electron withdrawing O radical group, hence raising
its energy relative to that of the other neutral isomers. For all
three isomers, the anionic form is closed shell and would be
minimally perturbed by resonance stabilization since there is a
formal negative charge on O. Thus, it is the neutral resonance
stabilization (or lack thereof in the meta isomer) that dictates
the relative EA of the meta isomer compared to the ortho and
para isomers. The relative EAs of the ortho and para isomers
are more difficult to predict and explain the observed trend.
Both benefit from resonance, and the ortho isomer has the
additional complication of the O· · ·CH3 interaction. Regard-
less, it is experimentally determined that the para isomer has
the lowest EA, while meta has the highest. This same trend
is seen in the halobenzyls, which are also doubly substituted
benzenes, but with an electron withdrawing group (CH2) and
another very weak electron withdrawing group (the halogens,
by induction).61

There is only one prior experimental measurement of the
EA of any of the methylphenoxyls in the literature. McMahon
and Kebarle36 used gas phase proton transfer equilibria to
determine an EA for p-methylphenoxyl of ∼2.17 eV. This
result is consistent with our more accurate measurement of
2.1199 ± 0.0014 eV. In addition to the previous experimen-
tal work, there was also a theoretical study by Angel and
Ervin27 which used CBS-QB3 calculations to obtain the EA
of m-methylphenoxyl to be 2.19 eV. This calculation also
agrees well with our experimental measurement of 2.2177
± 0.0014 eV.

The vibrational progressions seen in the photoelectron
spectra for all of these molecules show the clear signature
of both active ring distortion normal modes (for transitions to
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the neutral X̃ and Ã states) and active quasi C–O stretching
normal modes (for transitions to the neutral Ã state). A sum-
mary of the measured (and calculated) vibrational frequencies
for all three methylphenoxyl radicals is found in Table II. The
spectra presented in this are comprised of numerous vibra-
tional transitions. However, only the vibrational frequencies
derived from the most intense or best resolved transitions are
reported in Table II. As mentioned previously, the activation
of ring distortion and C–O stretching normal modes can be
explained with a simple physical picture. For the methylphe-
noxide anions, adding the extra electron elongates the bond
between the oxygen and the aromatic ring, as well as elongat-
ing the bonds within the ring away from the localized negative
charge on the oxygen, compared to the equilibrium structure of
the neutral radical. Upon photodetachment, one would there-
fore expect the excitation of ring distortion vibrations, which
are observed, and C–O stretches. However, there is little evi-
dence for any significant activity in C–O stretching modes for
the transition to the neutral X̃ state, and B3LYP calculations
also predict little change in the C–O bond lengths. A similar
physical picture can be obtained for the methyl deprotonated
m-methylphenol photoelectron spectrum. For the photoelec-
tron spectra of methylphenoxide accessing the neutral Ã state,
both ring distortion and C–O stretching modes are excited.
The neutral Ã state is formed by removing an electron from
the aromatic π system in the anion, resulting in the π∗ neu-
tral excited Ã state. The antibonding π∗ system in the benzene
ring elongates the C–O bond length in the Ãneutral state relative
to the anion. Thus, upon photodetachment from the anion to
form the neutral excited Ã state, one would expect this C–O
stretching vibration to be active.

Beyond the direct comparison with previous studies of the
methylphenoxyl radicals, similar substituted aromatic com-
pounds should be considered. Perhaps the most obvious of
this group would be phenoxyl and benzyl. The phenoxyl rad-
ical has an EA of 2.2538 ± 0.0008 eV.38 There is a relatively
small decrease (<130 meV) in the EA of phenoxyl upon the
addition of a methyl group, forming the methylphenoxyl rad-
icals studies here. Methyl is a very weak electron donating
group and so it is expected to have only a minor effect on

the EA. It was observed that phenoxide had the same ring
distortion vibrational modes excited upon photodetachment
as are seen here for all three of the methylphenoxides.

In the case of deprotonation from the methyl group, a
comparison with benzyl is appropriate. The EA of benzyl is
0.912 ± 0.006 eV.39 Benzyl shows a minor increase (∼0.1 eV)
in its EA upon attaching a meta hydroxyl group, forming
methylenephenol radical. This is perhaps surprising consid-
ering OH is a strongly electron donating group in aromatic
systems, and therefore might lead one to conclude that it should
largely disrupt the electronic structure of the system and thus
the EA. However, there are two reasons why this is actually
not the case. First, the only isomer of methyl deprotonated
methylphenol observed in this work is the meta isomer. Meta
isomers in aromatic systems are unique for their lack of reso-
nance structures compared to that of ortho and para isomers.
Hence, the impact of the electron donating effect of the OH
in the meta isomer is diminished. Second, the primary effect
of adding an electron donating group to the aromatic ring
would be to localize the negative charge in the CH2 carbanion.
However, the charge is already localized on the CH2 group,
hence the change in overall behavior would be minimal. Both
m-methylenephenol and benzyl show similar ring distortion
vibrational progressions in their photoelectron spectra, further
confirming the low level of perturbation.

In addition to comparing the EAs and vibronic structure of
methylphenoxyl radicals, the methylphenoxide anion autode-
tachment behavior can be compared and discussed. Gunion
et al.39 and more recently Liu et al.62 found autodetachment
in the photoelectron spectroscopy of phenoxide. Specifically
Liu et al. identified a dipole bound anion electronic excited
state as the state responsible for facilitating autodetachment.
Hydroxyphenoxide, a close analog of methylphenoxide, has
also been recently studied.63,64 Autodetachment was observed
in the photoelectron spectrum of o-hydroxyphenoxide, again
attributed to a dipole bound anion electronic excited state.63

In the current study, the m- and p-methylphenoxide anions
both display signatures of electron autodetachment. Consid-
ering the many similarities between the methylphenoxides,
one might also expect to observe autodetachment in the ortho

TABLE II. The measured frequencies of the Franck-Condon active normal modes for the doublet ground (X̃)
and first excited (Ã) states of the three methylphenoxyl radicals. The calculated (B3LYP/aug-cc-pVQZ) harmonic
frequencies are displayed italicized in separate columns. All values are in cm�1. The motions of these normal
nodes are described in the text, while additional information may be found in the supplementary material.

o-methylphenoxyl radical m-methylphenoxyl radical p-methylphenoxyl radical

X̃ state Calc. X̃ state Calc. X̃ state Calc.

ν30 = 540 ± 80 577 ν31 = 560 ± 50 540 ν32 = 460 ± 40 461
ν31 = 540 ± 80 540 ν39 = 66 ± 8 81
ν33 = 430 ± 80 453
ν39 = 98 ± 8 106

Ã state Calc. Ã state Calc. Ã state Calc.

ν15 = 1220 ± 130 1312 ν15 = 1260 ± 90 1330 ν15 = 1240 ± 90 1320
ν32 = 480 ± 190 506 ν31 = 520 ± 96 542 ν32 = 460 ± 80 461

ν32 = 520 ± 96 516
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isomer, but this was not pursued experimentally in this work.
For m-methylphenoxide (see the supplementary material for
more information), there is a higher onset energy (3.494 eV
< hνonset ≤ 3.832 eV) for observing autodetachment as com-
pared to the para isomer (2.520 eV < hνonset ≤ 2.637 eV).
These onsets and the anion state(s) involved could not be
confirmed by our TD-DFT anion excited state calculations,
primarily due to the abundance of available predicted excited
electronic states that could be responsible for this phe-
nomenon. The TD-DFT calculations suggest a similar num-
ber of optically accessible excited states for all three anionic
isomers. However, theoretically investigating this further is
beyond the scope of this work.

Having measured the electron affinities of the methylphe-
noxyl radicals, these results are combined with the measured
bond dissociation energies26,37 (Table I) to determine the gas
phase acidities using a thermodynamic cycle.34 Recall that the
bond dissociation energies of the methylphenols were orig-
inally measured by King et al.,26 however the values for the
ortho and meta isomers were significantly altered several years
later by 240 and 420 cm�1, respectively.37 This cycle pro-
vides a direct experimental measure of the 0 K enthalpy with a
small (±0.14 kcal/mol) uncertainty for the deprotonation reac-
tion: HA → H+ + A�. The dominant source of uncertainty
arises from the error associated with the H–A bond strength,
as seen in Table I. We may further combine this 0 K result with
the calculated constant pressure heat capacities of the species
involved in the acid reaction in order to obtain the enthalpy at
298 K,34

∆acidH0
298K (CH3PhOH) = ∆acidH0

0K (CH3PhOH)

+

∫ 298

0

[
Cp
(
CH3PhO−

)
+ Cp

(
H+) −Cp (CH3PhOH)

]
dT .

This results in ∆acidH0
298K = 348.39 ± 0.25, 348.82 ± 0.25,

350.08 ± 0.25, and 349.60 ± 0.25 kcal/mol for cis-ortho-,
trans-ortho-, m-, and p-methylphenol, using a conservative
estimate of the error associated with calculating the Cp of
these various molecules.34 These results are also found in
Table I. Note that King et al.26 and Karsili et al.37 were able
to differentiate between cis-ortho and trans-ortho isomers of
methylphenol, where cis and trans refer to the direction of the
hydrogen of the OH group with respect to the CH3 group.

The acidities of the three methylphenol isomers (four iso-
mers, if the cis-, and trans-conformers of the ortho isomer
are considered) have been studied several times in the past.
In general, the reported error bars have been in the range of
1-3 kcal/mol. McMahon and Kebarle36 initially measured the
acidity at 298 K of o-methylphenol as 346.2 kcal/mol. Two
other studies27,36 examined m-methylphenol and determined
the gas phase acidity at 298 K to be 347.3 and 348.2 ± 1.2
kcal/mol, respectively. Finally, p-methylphenol was studied
by McMahon36 and determined the gas phase acidity at 298 K
to be 347.7 kcal/mol. The current study presented here agrees
well with the previous studies and has greatly improved on
these measurements with an error of ±0.25 kcal/mol. Inaddi-
tion to a direct comparison, one could also compare the acidity
of phenol at 298 K (348.0 ± 1.0 kcal/mol, reported by Angel

and Ervin,27 or the 0 K acidity derived from the works of Kim
et al.38 and Nix et al.65: 347.43 ± 0.12 kcal/mol) to that of
the methylphenols. The addition of a methyl group to a phenol
minimally affects the acidity by increasing the room temper-
ature reaction enthalpy by only ∼1 kcal/mol. It is interesting,
though, that because of the increased accuracy in the current
study, one is able to observe that the trend for increasing acid-
ity is ortho, para, meta, mirroring the aqueous trend.66 This
order is due to the combination of the D0 and the EA measured
for each isomer; the trend is not mirrored in the D0 and EA
energetic ordering, where increasing D0 and EA goes as para,
ortho, meta instead.

VI. CONCLUSION

The EAs of o-, m-, and p-methylphenoxide were measured
as follows: 2.1991 ± 0.0014, 2.2177 ± 0.0014, and 2.1199
± 0.0014 eV, respectively. The EA of m-methylenephenol
was also measured as follows: 1.024 ± 0.008 eV. Using the
methylphenol (O–H) bond strengths reported by King et al.26

and revised by Karsili et al.,37 a thermodynamic cycle was
constructed and the acidities of the three methylphenols were
obtained to a substantially degree of accuracy than previously
reported, with ∆acidH0

298K = 348.39 ± 0.25, 348.82 ± 0.25,
350.08 ± 0.25, and 349.60 ± 0.25 kcal/mol for cis-ortho-,
trans-ortho-, m-, and p-methylphenol. The term energies for
the neutral Ã ← X̃ doublet π to doublet π∗ transition in the
three isomers of methylphenoxyl were measured as follows:
1.029± 0.009, 0.962± 0.002, and 1.029± 0.009 eV, for ortho,
meta, and para isomers, respectively. In all reported photoelec-
tron spectra, ring distortion vibrational normal modes were
activated upon photodetachment, leading to vibrational pro-
gressions spaced by ∼500 cm�1. For the photoelectron detach-
ment to the neutral Ã states, C–O stretching modes were also
excited, leading to additional vibrational transitions with asso-
ciated frequencies of ∼1300 cm�1. Electron autodetachment
was observed in both m- and p-methylphenoxide photoelec-
tron spectra, although the para isomer had an earlier onset
photon energy for observing autodetachment, despite having
similar calculated anion excited electronic states.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional photoelec-
tron spectra, additional details on gas phase acidity calcula-
tions, and illustrations of the Franck-Condon active normal
modes discussed in the text.
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