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Anion photoelectron spectroscopy of deprotonated indole and indoline
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Anion photoelectron spectra of deprotonated indole have been obtained utilizing several photon ener-
gies. The slow electron velocity-map imaging spectrum of indolide allows for the determination of the
electron affinity (EA) of indolyl, 2.4315± 0.0017 eV. The equilibrium geometry of indolide was shown
to minimally distort upon photodetachment with only ring distortion vibrational modes of A′ symme-
try becoming significantly excited. Photoelectron spectra of indolide accessing the electronic ground
state of indolyl displayed a photon energy dependence due to electron autodetachment. Combining the
EA of indolyl with the previous work studying the dissociation energy of H-indolyl allows for a new
independent measure ofΔacidHo

0K(N–H)indole ≤ 348.7 kcal/mol, which improves the previous measure-
ment of the gas phase acidity. The anion photoelectron spectrum of deprotonated indoline consisted
of a featureless broad band extending from ∼1.3 eV to 1.7 eV electron binding energy. The congested
nature of the spectrum is likely due to the presence of multiple isomers of deprotonated indoline,
including ring-opened structures. Published by AIP Publishing. https://doi.org/10.1063/1.5003978

I. INTRODUCTION

The bicyclic molecule indole is of interest to the fields
of biophysics and biochemistry.1,2 This is in large part due
to the fact that indole acts as a chromophore in tryptophan
and therefore dominates much of the spectroscopy performed
on numerous biological systems with a tryptophan compo-
nent. The fluorescence of indole is most commonly utilized
in spectroscopic studies of biological systems and has been
used to probe protein folding/unfolding dynamics, substrate
binding, and external quencher accessibility, to name just a
few.2 The importance of indole as a chromophore of trypto-
phan has symbiotically inspired numerous spectroscopic stud-
ies of indole and indole clustered with various partners.1,3–20

While this scrutiny from the spectroscopic community is par-
tially due to the related biological interest, indole also pro-
vides unique spectroscopic challenges due to the complex
nature of its vibronic structure.21,22 Indole is a low symme-
try molecule belonging to the Cs point group, and the two
lowest level electronic states (1La and 1Lb) have been shown
to be strongly coupled, due in part to both belonging to the
same representation.

Despite this interest in indole, there is relatively little
known of its thermochemical properties. Similarly, indolide
(structure shown below) has not been studied extensively. The
gas phase acidity of indole, referring to deprotonation from
the N–H site, was studied in 1988 by means of proton trans-
fer equilibria,23,24 with the result ΔacidHo

298.15K (N–H) = 352
± 2 kcal/mol, and has not been updated since that time. The
electron affinity (EA) of indolyl was reported by Taft and
Bordwell23 to be 2.52± 0.20 eV, employing a thermochemical
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cycle.25 This result was updated more recently by McKay
et al.,26 2.31± 0.15 eV. The EAs of other radical isomers asso-
ciated with H atom removal from indole have not been studied.
However, an upper bound for the bond dissociation energy of
the N–H bond in indole was recently obtained by Nix et al.27

by way of photofragment translational energy spectroscopy:
D0(N–H) ≤ 91.2 kcal/mol.

The anion photoelectron spectrum of indolide is presented
in this study. These data provide a direct measurement of
the electron affinity of the associated neutral, indolyl, with
a major increase in precision when compared to the previ-
ous measurement. In addition, the vibrations of indolyl that
are excited upon electron photodetachment of indolide are
measured and assigned with the aid of quantum chemical cal-
culations. Combining the newly measured EA of indolyl with
the past measured acidity allows for the determination of the
bond dissociation energy with improved accuracy.25

II. EXPERIMENTAL

The experimental apparatus has been discussed in detail
previously28,29 and will only be explained briefly here, with
special attention as to the generation of the anions of interest.
Indole (99% pure) was purchased from Sigma-Aldrich Inc.
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and used without further purification. Crystalline indole has
a relatively low vapor pressure and so had to be heated to
∼70 ◦C to obtain adequate indolide production.

The anion of interest is formed in a dual pulsed valve ion
source.29 These valves (Parker Hannifin, General Valve, Series
9) are oriented such that the gas expansions are perpendicu-
lar to each other. One of the valves is the primary supersonic
expansion (10 psig, ∼1% indole or indoline, balance Ar). The
other valve, designated as the side valve (35 psig, 1% O2, 30%
H2, balance Ar), produces about 5% of the total gas load. The
side valve has discharge plates placed immediately in front of
the valve exit, producing a plasma containing hydroxide. The
plasma is subsequently entrained into the supersonic expan-
sion of the primary valve. Upon crossing of the beams, the
anions generated in the side valve are allowed to react with
the neutral reagents present in the main expansion. Here, the
targeted reaction is that of OH� with indole, which, as will
be shown in the subsequent sections, allows for deprotonation
at the most acidic site (NH), with the resulting production of
indolide anions.30 This reaction of the hydroxide anion and
indole will be shown in Sec. IV to only generate indolide
upon reaction with indole. The resultant product and byprod-
ucts are then collisionally cooled by the Ar atoms in the main
supersonic expansion.

The entrained anions are then extracted into a Time-Of-
Flight (TOF) Wiley-McLaren mass spectrometer. The anions
are separated by their mass to charge ratio (m/z) and spa-
tially focused at the interaction region of a Velocity Map
Imaging (VMI) photoelectron spectrometer. An appropriately
timed nanosecond pulse from the photodetachment laser then
intersects the anions of a chosen mass. The first stage of the
VMI is pulsed to the operating voltage, velocity mapping
the photoelectrons onto the plane of a Micro-Channel Plate
(MCP) coupled to a phosphor screen and subsequently imaged
with a CCD camera. The resulting image gives direct mea-
surement of the two-dimensional velocity distribution. The
MEVELER (Maximum Entropy Velocity Legendre Recon-
struction) program31 was used to reconstruct the full three-
dimensional velocity distribution of the photoelectrons. This
three-dimensional distribution is transformed into the one-
dimensional speed distribution and then into the electron
Kinetic Energy (eKE) distribution, by means of a Jacobian
transform. Finally, the eKE distribution is transformed into
the electron Binding Energy (eBE) by simply subtracting the
eKE distribution from the photon energy.

The VMI electron energy spectrometer has an energy reso-
lution that depends upon eKE, with the best resolution obtained
for the lowest photoelectron kinetic energy. For the experi-
ments reported here, the energy resolution was determined to
follow the relation

resolution (eKE) � (0.003 + 0.03 eKE) eV. (1)

The constant term is the limiting resolution of the apparatus,
in this case 3 meV. The energy scale in the overview spectrum
shown in Fig. 1 was calibrated with the known photoelectron
spectrum of S�.32–34 By employing multiple laser wavelengths,
we obtain composite photoelectron spectra spanning several
eV, with resolution near the instrumental limit throughout
the full range. This procedure is known as Slow Electron

FIG. 1. The photoelectron spectrum of indolide obtained with a photon
energy of 3.494 eV. The calculated transitions and their associated intensi-
ties are represented by red sticks, while the convolution of these sticks with
Gaussian functions whose FWHM is commensurate with the instrument res-
olution is shown in green. This simulation assumed a temperature of 200 K.
The shaded region was obtained in high resolution and is shown in Fig. 2.

Velocity-Map Imaging (SEVI) photoelectron spectroscopy,
pioneered by Neumark.35 The data in Figs. 2 and 3 were
obtained at a number of laser wavelengths, chosen so as to
take advantage of this higher resolution approach. The photon
energies used to obtain these spectra were calibrated with an
ATOS λ-meter (LRL–005).

All of the spectra shown here are obtained making use of
a seeded Nd:YAG pulsed nanosecond laser. The data found in
Fig. 1 were obtained utilizing the 3rd harmonic of the Nd:YAG
lasing transition (3.494 eV). The spectra shown in Figs. 2 and 3

FIG. 2. The Slow Electron Velocity-Map Imaging (SEVI) photoelectron
spectrum of the origin transition of indolide acquired with a photon energy of
2.4500 eV. The simulated spectrum is shown in green, with the individual tran-
sitions and their respective intensities shown as red sticks. The 00

0 transition
stick is shown in bold. This simulation assumed a temperature of 200 K.
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FIG. 3. Photoelectron spectra of indolide obtained with three separate photon
energies, 2.518 eV (upper panel), 2.588 eV (middle panel), and 2.678 eV
(lower panel). This demonstrates the high resolution of the VMI spectrometer
at low electron kinetic energies and takes advantage of this fact. Using this
feature, several peaks may be identified and assigned to specific transitions.
The sharp rise at near-zero kinetic energy (the highest reported eBE in each
panel) is due to the highest resolution of the instrument being within 30 meV
of the photon energy. See the main text, supplementary material, and Table II
for more information.

were collected utilizing photon energies generated by a visible
light optical parametric oscillator (OPO) pumped by the 3rd
harmonic of the aforementioned Nd:YAG laser.

Throughout this work, uncertainty in the reported peak
positions are functions of 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 report-
ing the energy associated with a particular transition associated
with a peak, the uncertainty in that peak position is combined
with the error associated with the offset of the actual transition
from the peak center. This aggregated additional uncertainty
can be near zero if only a single vibronic transition is the
major contributor to the peak shape. If, however, multiple

unresolved vibronic transitions contribute significantly to the
overall envelope, the uncertainty in location of any individ-
ual transition could be as large as the Half-Width-at-Half-
Maximum (HWHM) of the peak. Shifts caused by asymmetry
in the rotational envelope about each vibrational transition are
taken into account using the peak shape analysis of Engel-
king and co-workers.36 This rotational correction did not have
a significant effect for transitions reported here. In general,
the peaks presented in these spectra are comprised of multiple
transitions, and the uncertainty associated with these contribu-
tions is the dominant component of the reported uncertainties
of transition energies.

III. THEORETICAL METHODS

Optimized geometries, electronic structure, and harmonic
vibrational normal mode analyses were carried out utilizing
the Gaussian 09 program suite.37 These calculations were
performed at the B3LYP/aug-cc-pVTZ level of theory/basis
set. This combination has been found to be an effective com-
promise between accuracy and computational cost.38 Several
excited state calculations were also carried out and made use
of Time Dependent Density Functional Theory (TD-DFT)
employing the same hybrid functional, B3LYP, and Dunning
basis set, aug-cc-pVTZ. All reported EAs are calculated from
the Zero-Point Energy (ZPE), the corrected energy difference
between the optimized electronic ground neutral state and the
optimized electronic ground anionic state.

The optimized geometries and harmonic normal mode
analyses were utilized to simulate the photoelectron spectra
collected in this experiment and aid in their interpretation.
These spectra were simulated assuming that only the Franck–
Condon factors (FCFs) influence a given photodetachment
transition intensity; i.e., the electronic component of the pho-
todetachment cross section is constant across a given spectrum.
Thus, the simulated spectra do not capture behavior such as
electron autodetachment. The FCFs were computed via the
Sharp–Rosenstock–Chen method, making use of Duschinsky
rotations.39–41 These factors, associated with specific vibra-
tional transitions, along with an assumed 200 K Boltzmann
distribution of internal energy in the anions, were computed
with the PESCAL program.42 While these simulations assume
full thermal equilibration among the vibrational degrees of
freedom of indolide, such is not necessarily the case. These
intensities associated with specific transitions are represented
as red sticks in Figs. 1–3, where the length of any stick is equal
to the calculated intensity of that transition, and it is located at
the calculated transition electron binding energy. These tran-
sition intensities are converted into simulations of the exper-
imental spectra by convolving each transition with Gaussian
functions whose FWHM is commensurate with the instrument
resolution, which is a function of eKE, and whose integrated
area is equal to that of the calculated transition intensity. The
simulations presented are shifted such that the calculated EA
matched the observed value. They are also scaled in inten-
sity such that the origin transition of the simulated spectra is
in agreement with the peak attributed to the origin transition
in the experimental data. This procedure results in the green
curves shown in Figs. 1–3.
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It is important to underscore several subtleties involved in
a Sharp–Rosenstock–Chen FCF analysis of polyatomic pho-
toelectron spectra of species that are as large as indole. This
analysis first requires identifying and matching the molecu-
lar motion of particular vibrations in the anion (in the ground
electronic state, for any case shown here) to the molecular
motion of vibrations of the neutral in some electronic state.
The eigenvectors representing these motions may be found
in the supplementary material. Hence, a vibrational normal
mode designated as ν35 in the anion might be associated, for
instance, with ν39 in the neutral molecule. While the molecular
motion of a particular vibration will be relatively invariant to
the level of theory used to compute it, the frequency associated
with that eigenvector may shift by ∼50 cm�1. Such an energy
shift might change what is labeled as ν30 at one level of theory
to be labeled, for example, ν33 in a different level of theory,
but the molecular motions will remain largely unchanged and
therefore would be matched to the same mode in the anion.
This relabeling of normal modes depending on the level of
theory utilized will affect both the neutral and the anion. The
simulations shown here rely only on the molecular motions to
calculate the FCFs; thus while the ordering scheme used here to
label the vibrational modes is potentially sensitive to the level
of theory one might use, the simulations of the photoelectron
spectra are not.

IV. RESULTS

Prior to examining the data, it is useful to hypothesize
the likely behaviors one might expect to observe upon pho-
todetachment of deprotonated indole. In the case of indole,
it is likely that deprotonation will occur at the N–H site as
this must have a much greater acidity than any other site on
the molecule. This would result in the formation of an anion
which might be expected to have a similar photoelectron spec-
trum to that of pyrrolide, based on the structural similarity of
the molecules. The pyrrolyl radical was shown to have an EA of
2.145 ± 0.010 eV and the photoelectron spectrum of pyrrolide
displayed excitation of ring distortion vibrational modes upon
photodetachment.43 Assuming that the EA of indolyl would
be close to the EA of pyrrolyl is consistent with our calcula-
tion of the EA of indolyl, 2.357 eV. If, however, a ring car-
bon site is deprotonated, a photoelectron spectrum similar to
cyclopentadienide might be expected.44 Although vibrational
structure similar to pyrrolyl was observed upon photodetach-
ment of cyclopentadienide (ring distortion vibrational modes),
the EA of cyclopentadienyl radical was measured as 1.808
± 0.006 eV,44 a value which is significantly lower than that
of the pyrrolyl radical. This analysis implies that if the prod-
uct of deprotonation from a C–H site on indole was present,
we would observe a photoelectron spectrum with an origin
∼0.5 eV eBE below the calculated indolyl electron affinity.

In order to examine the above hypotheses, an overview
photoelectron spectrum of indolide obtained with a photon
energy of 3.494 eV was collected and is shown in Fig. 1.
The experimental data are shown as black dots, the calcu-
lated Franck–Condon factors appear as red sticks, and the full,
shifted theoretical simulation of the photoelectron spectrum
of the indolyl ground state is shown as a green curve. The

agreement between theory and experiment is qualitatively cor-
rect, but the ground state simulation does not appear to account
for the weak, broad feature located at approximately 3.2 eV
binding energy. As can be seen, the origin of this band is com-
prised of an intense peak, with a center near 2.4 eV eBE. This
result is consistent with the calculation of the EA of indolyl,
2.357 eV (B3LYP/aug-cc-pVTZ), and confirms the formation
of the indolide anion. The shaded region was obtained in high
resolution (SEVI) and is shown in Fig. 2. No photoelectron sig-
nal was observed at lower binding energies, which indicates
that indole anions arising from carbon site deprotonation are
not present in detectable quantities. Thus, we conclude that
the only isomer of deprotonated indole observed is indolide,
which does not preclude the other isomers as being thermody-
namically possible, simply that they were not observed in this
experiment.

The photoelectron spectra presented in this work showed
no definitive evidence of the presence of an excited electronic
state of indolyl. This result is consistent with the calculated
term energy of the first excited electronic state of indolyl being
∼1.5 eV and thus would not be accessible with the 3.494 eV
photon energy available.

A. Electron affinity of indolyl and photoelectron
angular distributions of indolide

In order to obtain the EA of indolyl with a greater degree
of accuracy and precision, the SEVI technique was employed.
Figure 2 displays the SEVI photoelectron spectrum of the ori-
gin peak of the progression shown in Fig. 1 (gray shaded area).
Again, the experimental data are shown as black dots, while the
green trace and the red sticks represent the shifted simulation
and individual calculated harmonic vibrational transitions and
their respective intensities. The calculated origin transition,
i.e., the transition from the ground electronic and vibrational
anionic state to the ground electronic and vibrational state
of the neutral radical (00

0), has been made bold in the figure.
The experimental peak is asymmetric indicating that while the
peak primarily arises from the origin transition, other vibra-
tional transitions also contribute. The simulation supports this;
while the origin transition dominates the simulated spectrum,
there are a number of less significant red-shifted transitions
from the origin transition. These additional transitions in the
200 K simulation are the result of sequence-band transitions
involving vibrationally excited anions. While observable in the
simulations, they do not have a significant effect on the deter-
mination of the location of the origin peak, as the fit is limited
to an energy range corresponding to roughly the upper 60%
of the origin peak, as seen in Fig. 2. This procedure allows for
a direct measurement of the position of the intense peak and
hence the EA of indolyl, 2.4315 ± 0.0017 eV.

In addition to the electron affinities, photoelectron angular
distributions with respect to the laser polarization, charac-
terized by the anisotropy parameter (β), were measured for
these photoelectron spectra. Since the electron detached from
indolide to form the ground electronic state of indolyl can
be described as originating from a nitrogen p-like orbital,
it is expected that we should observe an isotropic angular
distribution (β ∼ 0) for low kinetic energy photoelectrons
which shifts to an anisotropic distribution characterized by
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negative values of β at higher kinetic energies.45,46 This is, in
fact, what is observed. In the case of low kinetic energy pho-
toelectrons, such as those found in Figs. 2 and 3, an isotropic
angular distribution of all photoelectrons is observed. When
utilizing a photon energy of 3.494 eV (Fig. 1), giving rise to
photoelectron kinetic energies higher than in the photoelectron
spectra found in Figs. 2 and 3, an anisotropic angular distri-
bution of the origin transition was observed, characterized by
β ∼ �0.25. This result was anticipated as these photoelectrons
possess relatively high kinetic energy (∼1 eV) and originate
from a p-like molecular orbital.

B. Vibrational analysis of indolyl

Considering the large number of vibrational modes pre-
dicted to be activated upon photodetachment of indolide, sev-
eral spectra were obtained at three different photon energies in
an attempt to obtain higher resolution spectra of these vibra-
tional transitions and displayed in Fig. 3. Experimental data are
shown in black, while the theoretical modeling is shown as red
sticks and green curves. Several observations are immediately
apparent. First, in all three spectra there appears to be a large
photoelectron signal at near zero eKE (the highest reported
eBE in each case). This arises from the high resolution of the
instrument at very low eKE (high eBE) combined with many
transitions accessible near the photodetachment threshold for
all three photon energies employed. Second, the intensity ratios
of all peaks relative to the origin transition appear to be qual-
itatively different from the same ratios in Fig. 1, where the
photon energy utilized was higher, 3.494 eV. This is evidence
of a photon energy dependence in the photoelectron spectrum
of indolide. This is discussed further in Sec. V. In addition
to these phenomena, there are several sharp peaks identified
in the figure, and a vibrational analysis may be performed as
follows.

Assigning any given peak to a specific transition or transi-
tions is a challenging task for a large molecule, such as indolyl,
and one must rely heavily upon theoretical simulations. Con-
sidering the low symmetry of indolyl (Cs), the ordering con-
vention employed here for the calculated vibrational normal
modes is organized first by the allowed symmetries of the
vibrational modes (A′ or A′′) and then by frequency as seen
in Table I. Table I also provides each Franck–Condon factor
associated with the transition from the ground vibrational state
in the anion to one quanta of the appropriate mode (and zero
quanta in all other normal modes) in the neutral radical. These
transitions are given the shorthand notation of X1

0, where X
refers to the Xth vibrational normal mode which undergoes
excitation upon photodetachment of the anion and that all
other vibrational normal modes are not excited. The FCFs have
been normalized such that the FCF for the origin transition
from the anionic ground vibronic state to the neutral ground
vibronic state is unity. The energies, molecular motions, and
FCFs reported in this table collectively form the basis for the
vibrational assignments reported in this work. The harmonic
FCFs for the 39 vibrations listed in Table I range from 0.24
to �0.01. As the first step in the analysis, we exclude from
consideration in our assignment process all neutral vibrational
modes with a FCF ≤ 0.01, reducing the number of possible
assignments from 39 to 13.

TABLE I. Calculated vibrational analysis of indolyl. Calculated photoelec-
tron harmonic transition energies and their associated FCFs. Note that the
notation of X1

0 implies that all vibrational modes other than vibrational mode
X received no quanta of vibrational excitation. The Franck–Condon factors
have been normalized such that the vibronic origin transition FCF is unity.
Those vibrations which have been positively identified in this work are shown
in bold font. While the difference in frequency for many modes may be small
(∼10 cm�1), the FCF can vary by a factor of up to 1000, and the intensity
difference may allow vibrational assignment when calculated energies alone
cannot provide a definitive assignment.

2X̃ A′ calculated indolyl 2X̃ A′′ calculated indolyl
harmonic transition harmonic transition

energies (cm�1) FCF energies (cm�1) FCF

11
0 3221 <0.01 281

0 997 <0.01
21

0 3196 <0.01 291
0 963 <0.01

31
0 3193 <0.01 301

0 922 <0.01
41

0 3189 <0.01 311
0 886 <0.01

51
0 3175 <0.01 321

0 783 <0.01
61

0 3167 <0.01 331
0 774 <0.01

71
0 1629 <0.01 341

0 744 <0.01
81

0 1602 0.10 351
0 575 <0.01

91
0 1495 <0.01 361

0 543 <0.01
101

0 1466 0.24 371
0 412 <0.01

111
0 1460 0.07 381

0 241 <0.01
121

0 1373 0.08 391
0 202 <0.01

131
0 1346 0.03

141
0 1303 <0.01

151
0 1233 0.03

161
0 1202 0.07

171
0 1169 <0.01

181
0 1162 0.06

191
0 1096 0.02

201
0 1026 <0.01

211
0 966 0.06

221
0 899 0.11

231
0 854 <0.01

241
0 770 0.02

251
0 587 0.08

261
0 545 <0.01

271
0 408 <0.01

Considering the density of vibrational states of both the
anion and neutral molecules studied here, computing a given
vibrational transition energy and comparing this against the
position of the peaks comprising the collected photoelectron
spectra cannot result in any firm assignments. Consequently,
the computed Franck–Condon factors must be utilized in order
to narrow the field of potential vibrational transition assign-
ments to only one or two transitions for a given peak. Even this
can only be done if one or two calculated FCFs dominate the
predicted intensity of the peak in question. These assignments
are further governed by the inherent limitations of relying on
the appropriateness of the harmonic oscillator approximation.
As such, several assignments made in this work must only be
suggested, rather than concretely stated. It is within the limits
of these constraints that vibrational transitions are assigned to
peaks.

The vibrational analysis begins with the spectrum in the
top panel of Fig. 3 with two peaks labeled A and B. The
peak centers are located energetically at 521 ± 15 and 577
± 15 cm�1, respectively, above the origin peak center. The
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simulation shown in green overlaid on the data shows one
transition with significant intensity in this region, the 251

0 tran-
sition, with a transition energy calculated as 587 cm�1 relative
to the origin transition. Hence, peak B may be assigned to
the 251

0 transition, with a measured transition energy of 577
± 15 cm�1. Peak A remains unassigned, though it is possible
to suggest either 261

0 or 271
0, based on symmetry and the pre-

dicted harmonic frequencies of these vibrational modes. The
middle panel of Fig. 3 shows four additional peaks labeled
C–F, with peak centers located at 722 ± 15, 870 ± 15, 1071
± 15, and 1139 ± 15 cm�1, respectively, relative to the ori-
gin transition. Several transitions overlap the spectral region
containing peak C; however, only one has the proper symme-
try and an appreciable FCF, 241

0. Hence this is the transition
assigned to give rise to peak C with a measured transition
energy, relative to the origin transition, of 241

0 = 720± 50 cm�1.
Peak D is predicted to primarily arise from two separate transi-
tions, 221

0 and 211
0. Considering the proximity of the predicted

harmonic vibrational frequencies of these normal modes, the
transitions cannot be individually measured. In addition, we
cannot verify the presence of both transitions independently,
and so either one or both may be contributing to this peak.
Hence the transitions are measured to be 221

0 and/or 211
0 = 870

± 80 cm�1, relative to the origin transition. Similarly, peaks E
and F, located, respectively, at 1071 ± 15 and 1139 ± 15 cm�1

relative to the origin transition peak arise from at least two of
the three different transitions with significant predicted FCFs
in this region of the photoelectron spectrum, 161

0, 181
0, and 191

0.
The bottom panel of Fig. 3 identifies peaks G and H, located at
1314 ± 15 and 1407 ± 15 cm�1 higher in binding energy than
the origin peak. Peak G arises primarily from the 121

0 transi-
tion, and thus a transition energy may be determined, 1310
± 35 cm�1 above the origin. Peak H is predicted to be dom-
inated by two separate transitions with calculated harmonic
frequencies inseparably close to each other, 111

0 and 101
0.

Similar to the situation for peak D, there is no experimen-
tal way to prove the contribution of either transition to the
peak H line shape, though the 111

0 transition is theoretically
predicted to have a FCF ∼3.4 times larger than the 101

0 transi-
tion. Thus the transitions associated with Peak H are assigned
as 111

0 and/or 101
0 = 1400 ± 70 cm�1, relative to the origin.

These results are summarized in Table II.

TABLE II. Summary of experimental vibrational assignments. Vibrational
analysis of the indolide photoelectron spectrum found in Fig. 3. Vibrational
mode assignments for Peaks A, E, and F could not be made to the level of
confidence necessary to report in this table. Several suggested assignments
are presented in the main text for these unassigned peaks.

Peak Position relative to 00
0 (cm�1) Assignment (cm�1)

A 521 ± 15
B 577 ± 15 251

0 = 580 ± 25
C 722 ± 15 241

0 = 720 ± 50
D 870 ± 15 221

0 and/or 211
0 = 870 ± 80

E 1071 ± 15
F 1139 ± 15
G 1314 ± 15 121

0 = 1310 ± 35
H 1407 ± 15 111

0 and/or 101
0 = 1400 ± 70

All of the above assigned vibrational transitions are asso-
ciated with vibrational normal modes which are of A′ sym-
metry and can be described as ring distortion motions. The
eigenvectors associated with these normal modes may be
found in the supplementary material.

C. Deprotonated indoline

In addition to the photoelectron spectrum of indolide, an
attempt was made to also collect the photoelectron spectrum
of deprotonated indoline. The results of this measurement may
be found in the supplementary material for the primary pur-
pose of providing a record. The actual spectrum is not included
in the main text because the photoelectron spectrum of depro-
tonated indoline, while predicted to look much like that of
indolide, was broad and featureless, but with a photodetach-
ment onset observed near the calculated EA of the indolinyl
radical, 1.291 eV. The observed congestion is likely due to
multiple isomers of deprotonated indoline generated in the
ion source, including ring opened structures.

V. DISCUSSION

The EA of indolyl was measured to be 2.4315 ± 0.0017
eV. This value may be compared to previous studies of indolyl
in the literature. The EA of the indolyl radical has been mea-
sured twice previously.23,26 In the case of Taft and Bordwell,23

this is accomplished by means of applying a thermochemical
cycle to their proton transfer equilibria data, and thus the EA
was determined to be 2.52 ± 0.20 eV. This value was later
updated in 2010 by McKay et al.,26 utilizing anion photoelec-
tron spectroscopy to find an EA of 2.31± 0.15 eV. This present
work is in agreement with these two past studies and greatly
improves the accuracy of the measurement of the EA of the
indolyl radical.

Several structural analogs of indolyl may also be exam-
ined and compared to the measured EA of indolyl: pyrrolyl,
phenyl, cyclopentadienyl, and cyclopentyl radical.43,47,48 One
may think of pyrrolide as an analog of indolide, while phenide
or cyclopentadienide may represent indole deprotonated at a
carbon site. The pyrrolyl radical was shown to have an EA of
2.145 ± 0.010 eV, while the EAs of phenyl and cyclopenta-
dienyl are 1.096 ± 0.006 eV and 1.808 ± 0.006 eV, respec-
tively.43,47,48 Both analogs of carbon site deprotonation dis-
play a lower EA than pyrrolyl radical, wherein the excess
charge on the anion is concentrated about the nitrogen atom.
This is consistent with the EA of indolide, 2.4315 ± 0.0017
eV, and demonstrates that the EA of pyrrolyl radical is not
greatly perturbed by the addition of a fused aromatic ring
to the structure, resulting in indolyl. This is expected; the
pyrrolyl ring is aromatic and the addition of another aro-
matic ring, which is neither strongly electron donating nor
withdrawing, to the conjugated π system will not signifi-
cantly disrupt the qualitative aspects of the aromatic electronic
structure.

The eKE dependence of the photoelectron angular
distributions of indolide are now considered. The data
indicate that the photodetached electrons from indolide
originate in a π system, based on the negative β parameter.45,46

This interpretation may be somewhat surprising, as in this case
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the aromaticity arises from both π and σ bonds. However, this
observation is consistent with our electronic structure calcu-
lations, which show that the HOMO of indolide is a classic
π system ring. Additionally, this behavior has been observed
for many other aromatic anions when photoelectron angular
distributions were obtained.47,49

Upon electron photodetachment from indolide, several
vibrational modes are excited; the eigenvectors associated with
these vibrational modes may be found in the supplementary
material. All of the modes that are activated upon photode-
tachment share two characteristics. First, they are all of A′
symmetry and so preserve the only plane of symmetry of
the molecular point group, Cs, which is also the plane of the
molecule itself. Second, all of the observed vibrational modes
describe molecular motion that can be characterized as ring
distortions. This behavior has been observed in aromatic anion
photoelectron spectroscopy previously.43,44,47,49 Both of these
observations are intuitively understandable. Indolide will have
the excess charge density primarily localized about the nitro-
gen group. This increased charge density will cause the bonds
along the fused aromatic ring structure to lengthen from an
idealized pyrrole-like structure, while preserving the Cs sym-
metry. Upon photodetachment, the new equilibrium geometry
will be closer to that of pyrrole, causing vibrational motion to
be activated which incorporates displacements along the bonds
which make up the fused aromatic ring, resulting in both vibra-
tions which do not break the symmetry of the molecule and
which one might describe as ring distortion motion.

The intensities of peaks seen in the photoelectron spec-
trum of indolide change as a function of photon energy. This
can be observed by a comparison of the 3.494 eV photo-
electron spectrum displayed in Fig. 1 with the photoelectron
spectra displayed in Fig. 3, obtained with several photon ener-
gies ∼1 eV lower than 3.494 eV. For example, in the bottom
panel of Fig. 3 one may note that the ratio of the intensity
of peak H to the origin transition peak is different from the
same ratio in Fig. 1. This ratio in Fig. 3 is far lower than
what is found in Fig. 1. This variability in peak intensity
ratios cannot be explained by threshold effects. This variation
must be due to electron autodetachment in competition with
direct photodetachment, a behavior that has been observed in
other aromatic systems.47,49–51 This conclusion is borne out in
excited state quantum chemical calculations (TD-DFT) of the
indolide anion which predict 9 optically accessible electronic
states with term energies ranging from 2.5 to 3.6 eV above the
ground vibronic state energy. Due to the density of the avail-
able states and the inherent complexity of autodetachment, it
is beyond the scope of this work to further investigate this
phenomenon theoretically.

The thermodynamic implications of the improved mea-
surement of the EA of indolyl are now considered. We utilize a
thermochemical cycle25 that combines the EA of indolyl with
an accurate determination of an upper bound for the indole
N–H bond dissociation energy by Nix et al.,27 D0(N–H)≤ 91.2
kcal/mol, to obtain a lower bound for the gas phase acidity
of indole. This cycle yields an upper bound to the gas phase
acidity as ΔacidHo

0K(N–H)indole ≤ 348.7 kcal/mol. We convert
this 0 K value to standard temperature (298.15 K) by means
of the calculated heat capacities of the species involved in the

acid reaction: indole(g) → H+
(g) + indolide(g),

ΔacidHo
298.15K (indole) = ΔacidHo

0K (indole)

+ ∫ 298.15K
0K

[
Cp (indolide)

+ Cp
(
H+) − Cp (indole)

]
dT. (2)

This procedure yields ΔacidHo
298.15K(N–H)indole ≤ 350.2

kcal/mol. Comparing this upper bound with the value reported
by Meot–Ner et al.24 (ΔacidHo

298.15K(N–H)indole = 352 ± 2
kcal/mol), we note that it is just barely within the error
bars reported by Meot–Ner et al.24 Considering the accuracy
of our EA measurement (±0.04 kcal/mol), combined with
the proximity of the upper limit to the true bond strength
that is typical of the method employed by Ashfold and co-
workers27 (∼100 cm�1 or ∼0.3 kcal/mol), we believe that the
value reported by Meot-Ner et al. for ΔacidHo

298.15K(N–H)indole
likely overestimates the actual acidity of indole. Although
the difference is not substantial, the upper bound reported
in this work provides a more reliable determination of
ΔacidHo

298.15K(N–H)indole. Given the usual accuracy and preci-
sion of high resolution photofragment spectroscopy employed
by Nix et al.,27 we expect that our measurement of the gas
phase acidity (≤348.7 kcal/mol at 0 K) lies no more than a
few hundred wavenumbers below the reported upper bound,
i.e., the gas phase acidity of indole is very likely to be
ΔacidHo

0K(N–H)indole ≈ 348.7 ± 0.5 kcal/mol.

VI. CONCLUSION

The anion photoelectron spectra of deprotonated indole
and indoline have been collected utilizing several photon ener-
gies in order to take advantage of the high resolution associated
with slow electrons in this apparatus. The SEVI photoelectron
spectrum of indolide shows the EA of indolyl to be 2.4315 ±
0.0017 eV. Indolide photodetachment activates numerous ring
distortion vibrations of A′ symmetry. Previous work studying
the dissociation energy of H-indolyl27 allows for a new inde-
pendent measure of ΔacidHo

0K(N–H)indole ≤ 348.7 kcal/mol,
which improves the previous measurement of the gas phase
acidity reported by Meot-Ner et al.24 The photoelectron spec-
trum of deprotonated indoline exhibited far more spectral
congestion than was anticipated, apparently a result of the pres-
ence of multiple isomers of deprotonated indoline, although
specific identification was not possible. The relative intensities
of vibrations excited in the photoelectron spectrum of indolide
displayed a strong photon energy dependence, the result of
electron autodetachment.

SUPPLEMENTARY MATERIAL

See supplementary material for additional photoelectron
spectra of indolide that were deemed peripheral to the focus
of this work, as well as the photoelectron spectrum of depro-
tonated indoline, and calculated eigenvectors representing the
harmonic normal mode motion of indolyl.
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