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Molecules with sufficiently large dipole moments were
predicted to form weakly bound negative ions in the dipolar
field[1–4] and such dipole-bound anions have been observed
and characterized experimentally.[5–10] Negative ions with
dipolar molecular cores can have excited dipole-bound
states (DBSs) near the detachment threshold, analogous to
Rydberg states in neutral molecules. DBSs in excited anions
were first observed as resonances in photodetachment cross-
sections.[11–13] Ultrahigh resolution spectroscopy has been
reported on excited DBSs of a number of anions near their
detachment threshold by autodetachment.[14–16] The theory
for autoionization from Rydberg states was first developed by
Berry,[17] who predicted a Dv =�1 vibrational propensity rule,
that is, the Rydberg state undergoes a vibrational relaxation
by one vibrational quantum in the molecular core during
autoionization, in which the vibrational energy is transferred
to the Rydberg electron. The Dv =�1 propensity rule has
been observed in autoionization of numerous molecules[18–20]

and mode-specific autoionization has been observed by
photoelectron spectroscopy,[21] in which the kinetic energies
of the outgoing electrons are measured. The same Dv =�1
propensity rule should apply in autodetachment from DBSs
of excited anions[22] and has been inferred in previous
studies.[13, 16] However, the electron kinetic energies of the
outgoing autodetached electrons from the excited DBSs have
not been measured by electron spectroscopy.

All prior studies of DBSs in excited anions are dominated
by rotational effects[23,24] and pure vibrational autodetach-
ment from DBSs has not been reported, even though
vibrational autodetachment has been observed in weakly
bound anions and has been used effectively as a spectroscopic
tool for anions.[25–27] Here we report the direct observation of
pure vibrational autodetachment from DBSs of cryogenically
cooled phenoxide anions using high-resolution photoelectron
imaging. Autodetachment from eight vibrational levels of the
DBS in optically exited phenoxide anions are observed and
the Dv =�1 propensity rule is found to be strictly obeyed.
Three vibrational modes, which have weak Franck–Condon
factors in the nonresonant photodetachment, are observed to

be dramatically enhanced. Excitation to the bound ground
vibrational level of the DBSs of phenoxide is observed using
resonant two-photon detachment, allowing the binding
energy of the DBSs to be directly measured.

The phenoxy radical (C6H5OC) is an important transient
specie involved in numerous environmental and biological
processes. Its vibrational spectroscopy has been studied in
solution and in argon matrices.[28,29] Photoelectron spectros-
copy (PES) of the phenoxide anion (C6H5O

�) consists of an
extensive vibrational progression in the v11 mode.[30] A recent
high-resolution PE imaging study of phenoxide yielded an
accurate electron affinity (18178� 7 cm�1) and a v11 vibra-
tional frequency (519 cm�1) for the phenoxy radical.[31] The
current experiments are carried out using a PES apparatus
equipped with an electrospray ionization source,[32] a cryogeni-
cally controlled ion trap,[33] and a high-resolution PE imaging
system.[34] The phenoxide anions were produced by electro-
spray of a mixed phenol/sodium hydroxide solution. Anions
from the electrospray source were transported into a temper-
ature-controlled ion trap, where they were accumulated and
cooled for 0.1 s before being ejected into the extraction zone
of a time-of-flight mass spectrometer. A dye laser was used in
the current study and the imaging system was calibrated using
the known spectra of Au� . The resolution of the imaging
system has been described recently[34] and can reach about
2 cm�1 for low-energy electrons.

The PE images and spectra at 20 K are shown in Figure 1
at four photon energies. These data are similar to those
reported recently,[31] with two important differences. First, the
cryogenically cooled ions completely eliminate the vibra-
tional hot bands and result in narrower line widths. The 0 !0
transition (00

0) in Figure 1a reveals rotational contours (see
inset) and defines a more accurate electron affinity of
18173� 3 cm�1 for the phenoxy radical. More importantly,
in addition to the dominating v11 vibrational progression,
vibrational transitions with weak Franck–Condon factors are
observed, that is, modes v9, v10, and v18 and their combination
bands with mode v11. The modes v9 and v10 are both totally
symmetric with a1 symmetry,[29, 35] similar to mode v11, and are
allowed transitions. However, mode v18 has b1 symmetry and
its activity must be due to vibronic couplings, as observed
recently in high-resolution PE imaging of other small
polyatomic anions.[36] The angular distributions of all the
vibrational peaks because of the a1 modes display s- plus d-
orbital characters,[31] consistent with the p-type orbital from
which the electron is detached. The angular distributions of
the vibrational peaks because of the v18 mode are different,
displaying distinct p-orbital character (Figure 1). The differ-
ent angular distributions for the different vibrational modes
are interesting and can be used in vibrational assignments in
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PE imaging of complex anions. The vibrational frequency of
519 cm�1 obtained for the main v11 vibrational progression in
the current study is in good agreement with the recent
report.[31] The vibrational frequencies we obtained for modes
v9, v10, and v18 are 972, 790, and 632 cm�1, respectively, but
there have been no prior experimental measurements for
these three modes in the gas phase. The frequencies for modes
v9 and v18 are in good agreement with the prior infrared
absorption measurements in argon matrices (v9 = 977 cm�1

and v18 = 635 cm�1).[29] However, the frequency we measured
for v10 is lower than the matrix value of 813 cm�1, but in good
accord with the calculated v10 frequency.[31, 35]

At certain wavelengths the PE images and spectra are
dramatically different, as shown in Figure 2, where the 00

0

transition is plotted as the origin so that the vibrational
spacing in wavenumbers for the higher binding energy peaks

Figure 1. Photoelectron imaging of C6H5O
� at 20 K and a) 549.43,

b) 530.42, c) 516.42, and d) 503.41 nm. The PE images after inverse-
Able transformation are shown on the left side. The laser polarization
is given by the double arrow below the images. The PE spectra are
obtained by integrating the signals from the respective images circum-
ferentially. The electron kinetic energy is proportional to the square of
the radius (r2) and is calibrated by the known spectra of Au� . The
binding energy spectra are obtained by subtracting the kinetic energy
spectrum from the respective detachment photon energies. The
observed vibrational structures are labeled according to the vibrational
modes of the phenoxy radical. Note the significant threshold enhance-
ment observed in (b–d). The angular distributions of all vibrational
transitions are perpendicular except for those involving mode v18,
which display maximum intensity in the directions parallel to the laser
polarization; see (b–d).

Figure 2. Resonant photoelectron imaging of C6H5O
� at 20 K and

a) 537.78, b) 534.53, c) 523.22 nm, d) 520.17 nm, e) 515.90, f) 511.05,
g) 509.36, and h) 506.50 nm. Each wavelength is in resonance with
a vibrational level of the dipole-bound state (see Figure 4). The
photoelectron signals come from both direct detachment (weak) and
autodetachment through the dipole-bound state, which dominates the
spectra. The photoelectron images after inverse-Abel transformation
are shown on the left side. The binding energy spectra are plotted by
referencing to the 0 !0 transition. The angular distributions of the
predominating autodetachment peaks are isotropic, while the direct
detachment channels are perpendicular [see the 110

1 transition in (b)].

Angewandte
Chemie

8977Angew. Chem. Int. Ed. 2013, 52, 8976 –8979 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


can be directly read off the axis. When we tuned the
detachment laser to near 538 nm, we obtained a single peak
corresponding to the 00

0 transition in the PE image (Fig-
ure 2a). The detachment cross-section at this wavelength is
significantly higher and the angular distribution is isotropic,
suggesting that the electron signal must be due to autodetach-
ment from a resonantly excited state of the phenoxide anion.
We scanned the wavelength around 538 nm by monitoring the
electron signal of the 00

0 transition and obtained a sharp
excitation spectrum (� 10 cm�1 in width) to the autodetach-
ing state, labeled as 11’0

1 in Figure 3. The inset of Figure 3
reveals fine structures in this peak, which are similar to the 00

0

peak observed in the PE image (inset of Figure 1a) and are

likely due to the rotational profile. The center of this peak is
at 537.78 nm and the PE image at this wavelength, shown in
Figure 2a, should be due to both direct detachment from the
ground state of the phenoxide anion and autodetachment
from the excited state of phenoxide to the ground vibrational
level of the phenoxy, giving rise to an electron kinetic energy
of 422 cm�1.

The phenoxy radical has a dipole moment of 4.0 Debye,[37]

and is capable of supporting a DBS, even though it was not
observed previously in the photodetachment cross-section
measurement.[38] The resonance at 537.78 nm should corre-
spond to a vibrational level of the DBS, most likely of the v11

mode, because it has the strongest Franck–Condon factors.
Inasmuch as the structure of the DBS should be similar to the
neutral phenoxy radical, the vibrational frequencies of the
DBS should also be similar to that of the neutral radical.
Hence, we tuned our laser to 523.22 nm, which is 519 cm�1 or

one vibrational quantum above the 537.78 nm resonance, and
obtained the PE image presented in Figure 2c, which shows
a strong 110

1 transition, suggesting an autodetachment from
the vibrationally excited level of the DBS of phenoxide with
a Dv =�1 propensity. We scanned the wavelength around
523 nm by monitoring the electron signals corresponding to
the 110

1 peak and obtained the excitation spectrum of the
autodetaching vibrational level, shown as 11’0

2 in Figure 3. We
further tuned our laser to 509.36 nm, 519 cm�1 above the
523.22 nm resonance and obtained the PE image displayed in
Figure 2g, which shows that the 110

2 peak is significantly
enhanced, suggesting again an autodetachment from a vibra-
tionally excited DBS with a Dv =�1 propensity. The corre-
sponding excitation spectrum by scanning the laser around
509 nm while monitoring the electron signals of the 110

2

vibrational peak is shown in Figure 3 as 11’0
3.

Figure 4 shows the energy level diagram of the direct
detachment from the ground state of the phenoxide anion to
the vibrational levels of the neutral phenoxy radical and the
autodetachment resonant levels described above (the thick
vertical arrows). The autodetachment from the DBS vibra-
tional levels of the v11 mode to the corresponding phenoxy
radical vibrational levels obeys the Dv =�1 propensity rule,
each autodetaching to the nearest vibrational level of the
neutral phenoxy radical and producing an electron kinetic
energy of 422 cm�1. Thus, the 537.78 nm resonance is 422 cm�1

above the ground vibrational level of the phenoxy radical. If
the phenoxide anion has a true dipole-bound excited state,
then the 537.78 nm resonance must correspond to a vibration-
ally excited state of the DBS. If the 537.78 nm resonance is the
v’= 1 level of the v11’ mode (11’0

1) of the DBS, then the groundFigure 3. Excitation spectra to the v11 vibrational levels of the dipole-
bound state of C6H5O

� . The transitions to the 11’0
1, 11’0

2, and 11’0
3

levels were obtained by monitoring the autodetachment signals,
whereas the transition to the bound 0’0

0 level was obtained by
monitoring the two-photon detachment transition (outer ring of the
photoelectron image in the inset). The 0’0

0 and 11’0
1 transitions are

expanded in the inset, showing fine features possibly because of the
rotational profile. The spectra were obtained for anions cooled to 4.4 K
(ion trap temperature). The double arrow next to the photoelectron
image indicates the laser polarization. Note that the two-photon
detachment used to probe the 0’0

0 level was very weak.

Figure 4. Energy level diagrams for the direct detachment to the
vibrational levels of the phenoxy radical (left) and the vibrational levels
of the dipole-bound state. The vertical arrows represent the resonant
excitations. Autodetachment transitions from the dipole-bound state
to the vibrational levels of the phenoxy radical are indicated. The
letters in parentheses next to the vibrational levels of the dipole-bound
state correspond to the spectra in Figure 2.
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vibrational level of the DBS should be 519 cm�1 below at
553.22 nm, giving rise to a binding energy of 97 cm�1

(519 cm�1–422 cm�1) for the DBS. Indeed, when we tuned
our laser to 553.22 nm, we observed a weak two-photon
detachment signal (see the image in the inset of Figure 3).
Scanning the laser around 553.22 nm by monitoring the two-
photon detachment signal, we obtained the spectrum shown
in Figure 3 labeled as 0’0

0. The inset in Figure 3 shows the
rotational profile of the two-photon detachment spectrum,
which is similar to the autodetachment spectrum of the 11’0

1

level. To confirm that the 553.22 nm excitation corresponds to
the ground vibrational level of the DBS, we tuned our laser to
566.03 nm or 519 cm�1 below 553.22 nm and did not observe
any two-photon detachment signals. Thus, the DBS of
phenoxide is 18 076 cm�1 (553.22 nm) above the ground
state of the anion with a binding energy of 97 cm�1. Note
that the angular distributions of all the autodetachment
transitions are isotropic (Figure 2 a, c, and g), whereas the
two-photon signals display a parallel transition (Figure 3).

In addition to the resonances corresponding to the v11

mode, we observed resonant excitations to 18’0
1 (Figure 2b)

and combination bands of mode v11 with modes v18, v10, and v9:
18’0

111’0
1 (Figure 2d), 10’0

111’0
1 (Figure 2e), 9’0

111’0
1 (Fig-

ure 2 f), and 18’0
111’0

2 (Figure 2 h). In each case, the Dv =�1
vibrational propensity rule is obeyed, as shown in Figure 4.
The v9, v10, and v18 modes have very weak Franck–Condon
factors, but they are enhanced by the autodetachment
because of resonance absorption through DBSs, allowing
their frequencies to be accurately measured. In the cases of
resonant excitations to the 10’0

111’0
1 (Figure 2e) and 9’0

111’0
1

(Figure 2 f) combination levels, autodetachment from mode
v11 is strongly favored.

The current experiment reveals mode-specific autode-
tachment from a dipole-bound anion for an extensive set of
vibrational levels. The vibrational frequencies of the DBS are
found to be similar to those of the neutral radical, suggesting
that the dipole-bound electron has little effect to the neutral
core and providing direct evidence for the analogy of DBS
and the Rydberg state in neutral molecules. There are many
dipolar molecular radicals, which should support excited
dipole-bound states. The DBS can be used to probe the
vibrational structures of the radicals by resonant-enhanced
autodetachment. Pump–probe experiments will be possible to
investigate the dynamics of the excited dipole-bound states,
providing a diverse set of systems to study vibronic couplings.
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