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Using photoelectron imaging, we show the effects of excess negative charges on the directions of

outgoing electrons in multiply charged anions. Photoemissions are observed to occur either in a

perpendicular or parallel direction, depending on the molecular configurations and origins of the detached

electrons. Detachment of the � electrons from biphenyl-disulfonate dianions is shown to occur in a

perpendicular direction due to the Coulomb repulsion from the two terminal charges, whereas detachment

from the sulfonate groups in linear aliphatic disulfonates occurs in parallel directions.
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Although multiply charged anions (MCAs) are ubiqui-
tous in the condensed phase, isolated MCAs are usually not
stable due to the strong intramolecular Coulomb repulsion
and are difficult to form in the gas phase [1–7].
Electrospray [8] was shown to be an efficient method to
transport MCAs from solution samples to the gas phase
[9,10]. The coupling of electrospray with photoelectron
spectroscopy has allowed MCAs to be spectroscopically
characterized for the first time [11–13]. When an electron
is detached from an MCA, it experiences a short-range
attraction by the nuclei and a long-range repulsion from the
negatively charged residual ion, giving rise to the so-called
repulsive Coulomb barrier (RCB). The RCB prevents slow
photoelectrons from being emitted from MCAs, resulting
in a cutoff in the photoelectron spectra of all MCAs
[11–13]. The RCB provides dynamic stability to MCAs,
allowing long-lived metastable MCAs with negative elec-
tron binding energies to be observed [14–16].

The strong intramolecular Coulomb repulsion and the
RCB not only influence the energetics and stability of
MCAs, but are also expected to influence the electron
emission dynamics. Recently, we reported the first photo-
electron imaging on MCAs to investigate the effects of the
RCB on the outgoing electron angular distribution [17,18].
Photoelectron imaging yields electron angular distribu-
tions and kinetic energies at the same time [19–22].
Using this technique, we observed for a series of linear
dicarboxylate dianions there is a maximum detachment
cross section when the dianions are aligned with the laser
polarization [17,18]. Because electron detachment occurs
from the terminal �CO2

� groups, parallel electron distri-
butions are observed due to the Coulomb repulsion from
the remaining charge to the outgoing electrons [Fig. 1(a)].
However, if a system can be found, in which electron
detachment occurs from the central part of a linear doubly
charged anion, one would expect a perpendicular electron
emission pattern owing to the Coulomb repulsion from the
two terminal charges [Fig. 1(b)]. Here we report the ob-
servation of a perpendicular electron emission pattern from
the diphenyl disulfonate dianion, in which the highest

occupied molecular orbital (HOMO) consists of the �
system on the phenyl rings. Electrostatic potentials and
the RCBs are calculated, confirming the experimental ob-
servations and showing how the directions of the outgoing
electrons are dictated by the excess charges.
The experiments were performed on an electrospray

photoelectron apparatus equipped with a velocity-map
imaging detector [18,23]. Sulfonate-containing MCAs
were produced by electrospray, selected by a time-of-flight
mass analyzer, and photodetached by a laser beam in the
interaction zone of a velocity-map imaging system [18,19].
The ejected photoelectrons were projected onto a phosphor
screen behind a set of microchannel plates and recorded by
a CCD camera. The raw imaging data were reconstructed
through an inverse Abel transformation [24,25]. The ex-
periment was calibrated by the known spectra of Br� and
I�. The typical energy resolution was about 40 meV for
1.5 eV electrons [18].
Figure 2 shows the results for biphenyl disulfonate

(BPDS2�) at two photon energies. The reconstructed pho-
toelectron images [Figs. 2(b) and 2(e)] display maxima at
directions perpendicular to the laser polarization. The

FIG. 1 (color online). Schematics showing a parallel electron
distribution (a) and a perpendicular distribution (b) as a result of
electron detachment from different parts of a doubly charged
anion.
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binding energy spectra were obtained by integrating photo-
electron signals at all angles. At 266 nm (4.661 eV), we
only observed one detachment band due to the high elec-
tron binding energies and the high RCB. The measured
adiabatic electron binding energy for BPDS2� is 2.6 eVand
the estimated RCB from the spectral cutoff at 3.4 eV is
1.3 eV (h�� 3:4 eV). This result was consistent with the
fact that we could not observe electron emission using
355 nm (3.496 eV) photons due to the RCB. We were
able to observe photoemission at 290 nm (4.275 eV) using
a dye laser [Fig. 2(e)] and the observed cutoff at 3.0 eV
gave rise to the same RCB (1.3 eV) as obtained from the
266 nm (4.661 eV) spectrum. Figures 2(d) and 2(g) shows
the angular distributions relative to the laser polarization,
normalized to one as the maximum intensity (only data
from 0�–180� are displayed because of symmetry). The
angular distributions at both photon energies are similar,
exhibiting maximum intensities at directions perpendicular
to the laser polarization and minimum intensities in the
parallel directions.

This was an interesting observation. If the electron
detachment occurred from the terminal -SO3

� groups,

we expected to see a parallel angular distribution due to
the Coulomb repulsion from the remaining charge on the
opposite end of the molecule, as previously observed for

the linear dicarboxylate dianions, �O2CðCH2ÞnCO2
�

ðn ¼ 3–11Þ [17,18]. Because the electron binding energy
of the �SO3

� group is much higher than that of �CO2
�,

our observation suggests that the HOMO of BPDS2� may
be the � system of the diphenyl group. If electron detach-
ment is from the middle part of the molecule, we would
expect the two terminal negative charges to force the
electron to be emitted perpendicular to the molecular
axis [Fig. 1(b)]. To test this conjecture, we performed
control experiments on a series of linear disulfonate dia-
nions, �O3SðCH2ÞnSO3

�½DSn2�� ðn ¼ 1–3Þ [Fig. 3)]. We

only observed one band for all three species at 266 nm due
to the high electron binding energies and the high RCB. In
fact, the 266 nm photons were below the RCB and the
observed signals were all due to electron tunneling [26],
consistent with the extremely low detachment cross sec-
tions. It can be seen that the electron binding energies
increase as the chain length increases, while the cutoff
induced by the RCB decreases. Most importantly, the
photoelectron intensities are peaked along the laser polar-
ization for all threeDSn

2� dianions [Figs. 3(a) and 3(c)], as
expected.
Further support for the above interpretation was pro-

vided by photoelectron imaging of the bisdisulizole tet-
raanion (BDSZ4�) [Fig. 4]. The strong intramolecular
Coulomb repulsion induces a negative electron binding
energy of �0:6 eV for BDSZ4�, reminiscent of the phtha-
locyanine tetrasulfonate with a binding energy of�0:9 eV
[14]. The spectral cutoff yields a RCB of �3:3 eV for
BDSZ4�. The two detachment bands observed for

FIG. 3 (color online). Photoelectron imaging of
�O3SðCH2ÞnSO3

�ðDSn2�; n ¼ 1–3Þ at 266 nm. (a) Photo-

electron images. The low kinetic energy signals are likely due
to detachment of the monoanion product by a second photon.
(b) Electron binding energy spectra. (c) Photoelectron angular
distributions.

FIG. 2 (color online). Photoelectron imaging of biphenyl di-
sulfonate (BPDS2�). (a) Molecular structure of BPDS2�.
(b) Photoelectron image at 266 nm (4.661 eV) after inverse
Abel transformation. The double arrow represents the laser
polarization directions and the color bar represents the intensity
scale. (c) Electron binding energy spectrum at 266 nm.
(d) Photoelectron angular distribution at 266 nm. (e) Photo-
electron image at 290 nm (4.275 eV) after inverse Abel trans-
formation. (f) Electron binding energy spectrum at 290 nm.
(g) Photoelectron angular distribution at 290 nm.
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BDSZ4� both display strong perpendicular distributions,
suggesting that they are due to the � systems of the
aromatic rings or the N lone pairs. Our prior studies on
several aromatic tri- or tetrasulfonate anions [16,27]
showed that the HOMOs of these anions are the � orbitals
due to both the high electron binding energies of the
sulfonate and the relatively low electron binding energies
of the � electrons.

To understand quantitatively how the intramolecular
Coulomb repulsions influence the photodetachment pro-
cesses in MCAs, we calculated the RCBs for BPDS2� and
DS2

2�. The RCB is a highly anisotropic quantity and is
dependent on the molecular structures. In the frozen orbital
static approximation developed by Dreuw and Cederbaum
[28], the electrostatic potential experienced by an outgoing
electron detached from the �th orbital is expressed as

VvðrÞ ¼ �XK

i¼1

Zi

jRi � rj þ
XN

j¼1;j�v

Z ��
j�j

jrj � rj d� (1)

where the first term is the attraction between the outgoing
electron and the K nuclei and the second term corresponds
to the repulsion between the outgoing electron and
the remaining N � 1 electrons. The electron density
distribution ��

j�j for each molecular orbital �j was

calculated using density functional theory at the level of
B3LYP–Aug-cc-pVTZ in GAUSSIAN03.

Figure 5(a) shows the calculated potential energy sur-
face for detaching an electron from the HOMO of
BPDS2�. The inset displays the coordinate system and
the HOMO picture, which is indeed a � orbital mainly
localized on the aromatic rings of BPDS2�. The electro-
static potential is three dimensional: Fig. 5(a) displays a
cross section on the molecular plane defined by the two
benzene rings. The strong Coulomb repulsions from the
terminal charges are clearly seen, forming the two high
potential barriers (the highest barrier is 5.1 eV). The lowest
potential barrier is along the y axis, which is perpendicular
to the axis connecting the two �SO3

� groups. The lowest

barrier along the y axis is 1.2 eV, in excellent agreement
with the observed RCB of �1:3 eV. Clearly, if the kinetic
energy of the outgoing electron is lower than the electro-
static repulsions by the terminal negative charges, the
electron will be forced to escape from the lowest valley
formed by the Coulomb corral of the two terminal charges,
yielding the observed perpendicular angular distributions.
For theDSn

2� dianions, our calculations showed that the
HOMO consisted of two degenerate molecular orbitals,

FIG. 5 (color online). Calculated electrostatic potential surface
experienced by removing a HOMO electron from BPDS2� (a)
and from DS2

2� (b). The inset shows the HOMO and the

coordinate system for each anion.

FIG. 4 (color online). Photoelectron imaging of bisdisulizole
tetraanion (BDSZ4�). (a) Molecular structure of BDSZ4�.
(b) Photoelectron image at 266 nm after inverse Abel trans-
formations. (c) Electron binding energy spectrum. (d) Photo-
electron angular distributions for the X and A bands at 266 nm.
(e) Photoelectron image after inverse Abel transformation at
355 nm (3.496 eV). (f) Electron binding energy spectrum at
355 nm. (g) Photoelectron angular distribution at 355 nm.
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mainly from the O2p orbitals of the �SO3
� groups. A

linear transformation of the two degenerate orbitals re-
sulted in two localized orbitals, one on each SO3

� group

[see inset of Fig. 5(b)]. As a result, the electrostatic poten-
tial for removing an electron from the HOMO of DSn

2� is
quite different from that of BPDS2�, as shown in Fig. 5(b)
for n ¼ 2. The remaining charge creates a high potential
barrier (6.7 eV at the highest potential) for the outgoing
electron and pushes it along the molecular axis, yielding
the parallel angular distributions.

In conclusion, photoemission has been observed to be
guided by the excess charges in multiply charged anions.
Using photoelectron imaging, we have obtained angular
distributions of a series of sulfonate-containing multiply
charged anions. Electron emission from terminal sites was
observed to exhibit parallel distributions, whereas electron
detachment from the central part of multiply charged
anions display perpendicular distributions owing to the
strong Coulomb repulsion from the surrounding negative
charges. Therefore, photoelectron imaging may be used to
obtain information about charge distributions and the mo-
lecular structures of complex anions.
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