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Photodetachment Spectroscopy of a Doubly Charged Anion:
Direct Observation of the Repulsive Coulomb Barrier
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Photoelectron spectra of citric acid doubly charged anion were measured. The repulsive Coul
barrier due to the two excess charges was directly probed and estimated to be about,1.9 2.5 eV.
The adiabatic binding energy of the second electron was measured to be 1.0 eV. Two detach
channels were observed, with the second channel at,0.6 eV higher in binding energy. The current
study presents the first photodetachment experiments of a multiply charged anion and opens up
opportunities to study these novel molecular species. [S0031-9007(98)07383-9]
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We report the first photodetachment experiments of
doubly charged anion, citric acid dianion [CA22, 2O2C-
CH2-CsOHd sCO2Hd-CH2-CO2

2 ; see Fig. 1(a)]. The ex-
periments were performed with a new apparatus, whi
couples an electrospray ionization (ESI) source and
magnetic-bottle time-of-flight (TOF) photoelectron ana
lyzer. The photoelectron spectra of CA22 were measured
at three photon energies: 4.66, 3.49, and 2.33 eV (Fig.
An expected long range repulsive Coulomb barrier was o
served for the detachment of the doubly charged anion a
was estimated to be in the range of,1.9 2.5 eV. An ex-
cited state of the CA2 singly charged anion was observe
in the 4.66 eV detachment spectrum at,0.6 eV above the
CA2 ground state. The 3.49 eV photon could not acce
this excited state due to the Coulomb barrier, even thou
this photon energy was higher than the binding ener
of this state. The current experiments represent the fi
direct observation of the long range Coulomb repulsio
barrier in multiply charged anions and demonstrate th
photodetachment is a powerful technique to study mul
ply charged negative ions in the gas phase.

Multiply charged anions are commonly found in th
condensed phases. However, few of them are known in
isolated states [1–4], partly due to the fact that many mu
ply charged anions acquire their stability in the condens
phases through solvation and other electrostatic inter
tions and are not stable against autodetachment in the
phase. Even for those multiply charged anions that a
stable in the isolated form, the long range Coulomb rep
sion between the excess charges makes it difficult for th
to be formed in the gas phase [5,6]. Figure 1(b) shows
schematic potential diagram for a doubly charged ani
(AB22) illustrating the repulsive Coulomb barrier (RCB
and the binding energy of the second electronfEbs2dg.
The RCB derives from the long range Coulomb repulsio
and the short range binding of the excess electron by
singly charged molecule AB2. The potential minimum
corresponds to the equilibrium distance between the t
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excess electrons in the AB22 dianion. In the present case
of CA22, this potential minimum corresponds approx
mately to the distance between the terminal oxygen ato
s,6.14 Åd, where the excess charges are localized,
schematically shown in Fig. 1(a). A sufficient separatio
between the excess charges is necessary for the dia
to be stable. For example, there has been no definit
evidence to show that a single atom can support a sta

FIG. 1. (a) Schematic structure of the citrate acid dianion w
relevant bond length (Å) and bond angle values. (b) Schema
potential energy curve for a doubly charged anionsAB22d
along the electron detachment coordinate.Ebs2d represents the
binding energy of the second excess electron; RCB indicates
repulsive Coulomb barrier experienced by the excess charge
© 1998 The American Physical Society 3351



VOLUME 81, NUMBER 16 P H Y S I C A L R E V I E W L E T T E R S 19 OCTOBER1998

-

ary

re
a
ed
c-

on,
d

in-
5,
ne
ec-
ki-
of

t
d

he
ith

be
an
al

e
y
di-
m

e
nal
rgy
ure

n-
ra-
ng
her
t-
he
er
er
ed
re.
il-
ture
are
FIG. 2. Photoelectron spectra of citrate acid dianion CA22 at
(a) 355 nm (3.49 eV) and (b) 266 nm (4.66 eV). Note th
increased spectral width in the 266 nm spectrum, implying a
additional detachment channel as shown in (c) (see text).

dianion due to its small volume [7]. The smallest dianio
observed experimentally so far was C22

7 [8]. Experimen-
tal investigation of multiply charged anions heretofor
has involved only mass spectrometric techniques [1–4,
Several recent works of doubly charged anions have be
concerned with carbon clusters and fullerenes [5–
10–12]. In particular, Jinet al. carried out a series of
charge exchange experiments between C60F22

48 and vari-
ous reagents whose electron affinities were known to
higher than the second electron binding energy of C60F22

48
[11]. The inability to observe any appreciable charg
exchange reactions was attributed to a Coulomb barri
Experimental evidence of RCB in a doubly charged anio
has also been reported in a recent experiment involvi
sequential electron attachment to C2

84 and the subsequent
autodetachment of C22

84 [5].
The experiments reported here were performed with

newly developed magnetic-bottle TOF photoelectron spe
troscopy apparatus [13,14], interfaced with an ESI sourc
Recently, it has been shown that the ESI technique [15
which is one of the most powerful means to ionize non
volatile macromolecules in biological mass spectromet
[16], can easily produce gas phase multiply charged anio
3352
e
n

n

e
9].
en
8,

be

e
er.
n

ng

a
c-
e.
],
-

ry
ns

that are common in solutions [9,17]. We used a1024 mo-
lar citrate solution atpH , 10 in a waterymethanol mixed
solvent (2y98 ratio) and sprayed it through a 0.01 mm
diam syringe needle at22.2 kV bias. The highly nega-
tively charged droplets then entered a desolvation capill
(0.8 mm-diam,,80 ±C), which converts the ionic species
in the droplet into molecular ions [15]. The anions we
then guided by a rf-only quadruple mass filter into
quadruple ion trap [18], where they were accumulat
for about 0.1 sec before being pushed into the extra
tion zone of a TOF mass spectrometer (mass resoluti
MyDM , 700). The dominating anion species derive
from the citrate solution were CA22 and HCA2. The dian-
ion nature of CA22 was confirmed by the half massycharge
isotope peaks in the TOF mass spectrum. The CA22 an-
ions were mass selected and decelerated before being
tercepted by a laser beam from a Nd:YAG laser (532, 35
and 266 nm, 7 ns pulse width [19]) in the detachment zo
of the magnetic-bottle photoelectron analyzer. Photoel
tron TOF spectra were measured and then converted to
netic energy spectra, calibrated by the known spectra
I2, ClO2

2 , and O2 [20]. The energy resolution was abou
20 meV FWHM at 0.4 eV kinetic energy, as measure
from the spectrum of I2 at 355 nm and would deteriorate
at higher kinetic energies.

The photoelectron spectra of CA22 are shown in
Figs. 2(a) and 2(b) at 355 and 266 nm, respectively. T
355 nm spectrum shows a broad detachment feature w
an onset at,1.0 eV, which defines the adiabatic binding
energy of the second excess electronEbs2d [Fig. 1(b)].
Vibrational structures are discernible, but cannot
assigned to a single progression, indicating that more th
one vibrational mode was probably active. The vertic
detachment energy was measured to be,1.5 eV. The
low energy tail was likely due to hot band transitions. Th
temperature of CA22 was expected to be near or slightl
above room temperature under our experimental con
tions. We also tried to take the photoelectron spectru
of CA22 at 532 nm (2.33 eV), attempting to improve th
spectral resolution. However, no photodetachment sig
was observed even though the 532 nm photon ene
was higher than the binding energy of the spectral feat
[Fig. 2(a)].

The 266 nm spectrum [Fig. 2(b)] appeared quite u
usual, compared to the 355 nm spectrum. It is conside
bly broader at the high binding energy side, suggesti
that there might be new detachment channels at the hig
photon energy. In Fig. 2(c), the 355 nm spectrum (do
ted curve) is overlaid onto the 266 nm spectrum, and t
high binding energy feature is clearly revealed. Anoth
copy of the 355 nm spectrum, shifted by 0.6 eV to high
binding energy and at a reduced intensity, is also plott
in Fig. 2(c) to simulate the additional detachment featu
Although the latter procedure is rather crude, it clearly
lustrates the existence of an additional detachment fea
in the 266 nm spectrum. The two detachment features
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labeled asX andA in Fig. 2 for the low and high binding
energy features, respectively. The shifted 355 nm sp
trum is seen to fit theA feature rather well, despite the
crude nature of the fitting procedure, even the vibration
structures of theA feature appear to be similar to theX
feature of the 355 nm spectrum, suggesting that theA and
X detachment features have very similar Franck-Cond
envelopes.

The observation that no detachment took place
532 nm provided the first evidence for the existence of
RCB [Fig. 1(b)]: even though the 2.33 eV photon energ
was higher than the electron binding energy, it was low
than the RCB. Therefore, no detachment could take pla
except tunneling, which was expected to have very sm
probability depending on the barrier height and widt
From the observations at both 532 and 355 nm, we c
conclude that the potential well depth (WD) [see Fig. 1(b
must be: 2.33 , WD , 3.49 eV, or 1.33 , RCB ,

2.49 eV [WD minus the 1.0 eV electron binding energy
Ebs2d]. The 266 nm spectrum [Fig. 2(b)] suggested th
the well depth involved in the detachment channel leadi
to the A feature was even deeper. The fact that theA
feature was missing from the 355 nm spectrum offer
further evidence for the existence of RCB, in this case f
the A state, because this photon energy was higher th
the binding energy of theA state. With this observation,
we can derive the WD and RCB for theA state to be
3.49 , WD , 4.66 eV, or1.89 , RCB , 3.06 eV (WD
minus the 1.6 eV electron binding energy for theA state)
[Fig. 3(a)].

TheX feature represents the transition from the groun
state of CA22 to that of the radical anion CA2, whereas
theA feature corresponds to the transition to an electron
excited state of CA2. If we assume that the RCB of both
the X andA states are similar, we can further narrow th
range of the RCB down to1.89 , RCB , 2.49 eV, based
on the results presented above. If we use the equil
rium distance between the O atoms on the two2CO2

2
groups [6.14 Å, Fig. 1(a)] as the average distance betwe
the two excess charges, we obtain a Coulomb repuls
energy of 2.36 eVfe2y6.14 sÅdg, in remarkable agreemen
with the RCB value derived experimentally above. Th
potential energy curves for theX and A states along the
detachment coordinate and the relative energies involv
are schematically shown in Fig. 3(a).

The binding energies for theX and A states and the
Coulomb barrier shown in Fig. 3(a) are all relative to th
ground vibrational levels of theX andA states. The pho-
toelectron spectra of CA22 shown in Fig. 2 indicate that
both theX andA states contain highly vibrationally excited
states with a Franck-Condon envelope of about 1 e
wide for both theX and A states. For each vibrationa
level, there should exist a potential curve similar to th
shown in Fig. 3(a) for theX and A states, respectively.
Our derived RCB value (between 1.9 and 2.5 eV) an
the observation of the broad Franck-Condon envelop
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FIG. 3. (a) Schematic potential energy curves showing
adiabatic binding energies and the repulsive Coulomb bar
for detachment of CA22, leading to theX andA states of CA2.
Note that the barrier heights relative to theX and A states are
assumed to be the same. (b) Schematic potential energy cu
showing that the repulsive Coulomb barrier decreases for
vibrationally excited levels of CA2.

require that the well depths for both theX and A states
should be relatively invariant with respect to the differe
vibrational levels, suggesting lower Coulomb barriers f
the highly vibrationally excited states of CA2, as shown
schematically in Fig. 3(b) for theX state.

In photoionization of neutral species or photodetac
ment of singly charged anions, the long range interact
between the molecular species and the departing elec
is attractive. Photodetachment of multiply charged anio
provides a unique situation of long range repulsive inter
tion for the departing electron. Interestingly, the Coulom
repulsion experienced by the detached electron in a mu
ply charged anion is analogous to the potential felt by a
partinga particle in a radioactive atomic nucleus [1,2,21
even though the length and energy scales are much dif
ent in the two cases. Therefore, it would be interesting
understand in detail the potential shape shown in Fig. 1
for a multiply charged anion. The barrier height can
measured accurately with a tunable laser. Interesting
namic effects, tunneling, and barrier reflection would
expected near the top of the potential barrier.

In conclusion, we presented the first photodetachm
experiments and photoelectron spectra of a doubly char
anion. The electron binding energy of the second exc
3353
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electron in CA22 or the electron affinity of the CA2 singly
charged radical anion was measured to be about 1.0
The repulsive Coulomb barrier experienced by the e
cess charges was probed directly and estimated to be
tween 1.9 and 2.5 eV. A second detachment chann
corresponding to an excited state of CA2, was also ob-
served at about 1.6 eV binding energy or 0.6 eV above t
ground state of CA2. We further deduced that the effec
tive Coulomb barrier decreases for highly vibrationally ex
cited levels of the singly charged anion. The current stu
demonstrates that photodetachment is a powerful techni
to probe the electrostatic interactions and spectroscopy
multiply charged negative ions. It can also be used to
vestigate the dynamics, solvation effects, and thermoche
istry of multiply charged anions in the gas phase.
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