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Multiply charged anions, though ubiquitous in nature, have been difficult to produce and study
in the gas phase. Photoelectron spectroscopy has been combined with an electrospray ion source
to probe the repulsive Coulomb barriers, excess electron binding, and intramolecular electron-
electron interactions in a series of dicarboxylate dianion®,C(CH,),CO,~ (n = 3—10). These
experiments provide quantitative information about the repulsive Coulomb barriers and how the excess
electron binding energy and the barrier height depend on the intramolecular Coulomb repulsion.
[S0031-9007(98)07243-3]

PACS numbers: 33.80.Eh, 36.90.+f

Multiply charged anions are ubiquitous in nature anddesolvation capillary were guided by a radio frequency-
play important roles in chemistry, biochemistry, and solidonly quadrupole mass filter into an ion trap [17], where
materials. In contrast, they are seldom observed in th#éhe ions were accumulated for 0.1 s before being pushed
gas phase, where the interactions with surrounding mediato the extraction zone of a TOF mass spectrometer. The
that are needed to stabilize the charges are absent. Eanions produced from each solution contained dicarboxy-
perimental evidence for long-lived multiply charged an-late dianions and monoanions as the dominant masses.
ions in the gas phase has so far come only from maskn each experiment, the dianions were mass selected and
spectrometric techniques [1,2] and their intrinsic proper-decelerated before being intercepted by a laser beam in
ties are essentially unexplored [3]. Analogous to the bindthe detachment zone of the magnetic-bottle photoelectron
ing of a particles in heavy atomic nuclei [4], the excessanalyzer. The photoelectron spectra, plotted in electron
electrons in multiply charged anions are bound by a rebinding energies, are shown in Fig. 1 far= 3-10 at
pulsive Coulomb barrier (RCB) [1]. The existence of the266 nm (4.66 eV) and 355 nm (3.49 eV). The energy
RCB has been inferred by Compton and others in studiegesolution was about 20 meV at 0.4 eV kinetic energy and
of multiply charged fullerene anions [1,5—8]. However, deteriorated at higher kinetic energies.
there has been no direct experimental measurement of theOur initial spectroscopic investigations of the dian-
RCB, nor of the excess electron binding energy, of anyons were done at 266 nm. These photoelectron spectra
multiply charged anion. Using a newly developed pho-[Fig. 1(a)] show two broad and overlapping features, rep-
todetachment photoelectron spectroscopy (PES) apparatussenting transitions from the ground state of’DQo
we have recently reported the first direct measurement dhe ground(X) and first excitedA) states of the singly
the RCB in citrate dianions [9]. In the present Letter, wecharged radical aniotDC™). The binding energy in-
report a PES study of a series of linear dicarboxylate dicreasing with the chain length. The energy separation be-
anions(DC?>7),” 0,C(CH,),CO,™ (n = 3-10), revealing tween theX and A bands also varies with chain length,
how the RCB and the excess electron binding energy idecreasing from~0.60 eV for n = 3 to ~0.42 eV for
the dianions depend on the equilibrium charge separatiom. = 8. Further increases in chain length result in no

Recently, the electrospray ionization (ESI) techniquemeasurable change in thé-A separation. To enhance
[10] has been shown to be a powerful means of generahe spectral resolution, we next measured the photoelec-
ting multiply charged anions in the gas phase [11-14]tron spectra of the dianions at a lower photon energy
Our experimental apparatus couples an ESI source withf 355 nm [Fig. 1(b)]. Surprisingly, except for a small
a magnetic-bottle time-of-flight (TOF) photoelectron ana-shoulder for then = 3 case, only the lower binding en-
lyzer [15]. We chose the dicarboxylate dianions becausergy feature(X) was observed, even though the 3.49 eV
they were known to be stable in the gas phase wihen photon energy was higher than the binding energy of the
is greater than 2 [16], and the charges are largely locald state in all cases. The data in Fig. 1(b) suggest that
ized on the two carboxylate groups, allowing their sepathere is a potential energy barrier for thestate [9].
ration to be systematically varied. For each dianion, The 355 nm spectra were better resolved and thus pro-
we used al0~* molar solution atpH ~ 10 in a water/ vided more accurate measures of the electron binding en-
methanol mixed so|vem§§ ratio), spraying it through a ergies for theX state. We found that th& bandwidth
0.01 mm diameter syringe needle at ambient atmospherdecreases with increasing. Above n = 8 the spec-
Negatively charged molecular ions emerging from atral width shows no appreciable change. We performed
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FIG. 2. Schematic potential energy curves explaining the
observed photoelectron spectra of DC X and A represent
the ground and excited states of the DGingly charged
radical anion, accessed from the detachment of DCEBy,
EB4, RCBy, and RCB are the adiabatic binding energies
and the repulsive Coulomb barriers for the and A states,
respectively. Note that RGBand RCB, are assumed to have
similar magnitudes for DT (see text).

Electron

consistent with the fact that it was not observed in the
previous mass spectrometric study [16]. Only a very weak
~0,C(CH;),CO,~ mass signal was detectable under our
experimental conditions and time sc#te0.1 s) [19].

N JM
n=10
We next consider the nature of two photodetachment

0
"Bincing Energy (&) Binding Energy (V) transitions leading to th& andA states in each dianion.
FIG. 1. Photoelectron spectra of OOG(CH,),-COO-  One possibility is that the two bands are due to the
(DC?7) dianions(n = 3—10) at (a) 266 nm (4.66 eV) and (b) presence of two inequivalent carboxylate groups. This
355 nm (3.49 eV). possibility can be tested by comparing the dianion spectra
to that of a singly charged monocarboxylate anion.

0

further experiments at 532 nm (2.33 eV) and only ob-
served very weak signals for = 3-5. We could not 109876 5 4 3
obtain spectra for = 6 and above, thus providing fur- 3.0 R
ther evidence for the potential energy barrier, in this case
for the X state.

Figure 2 schematically illustrates the potential energy
barriers suggested experimentally [9]. RLBnd RCB
are the repulsive Coulomb barriers for tieandA states,
respectively. Because of the potential barriers, photon
energies substantially higher than the binding energies are
required to reach th& or A state. ER, which also is
the electron affinity of DC, can be measured directly
from the detachment threshold, and is expected to increase
as the Coulomb repulsion between the two charges is
reduced by increasing the chain length, as shown by the
data in Fig. 1. The measured gBalues are plotted in
Fig. 3 forn = 3-10 as a function ofl /r,, r, being the ]
average distance between the oxygen atoms of the two 0.0 -] 2
carboxylate groups [_18], and reveal a linear relationship. 0.00 0.05 0.10 0.15
A least squares fit yielded EB= 3.21(4) — 16.7(3)/r,, 1/ (A7)
where the numbers in parentheses give the uncertainties n
in the last digits. Extrapolating the curve to EB=  FIG. 3. The measured adiabatic electron binding energies
0 eV, we obtained a criticat, value of ~5.2 A, below (EBx) and the estimated repulsive Coulomb barrier heights

which EBy becomes negative. Our estimated value,of (RCB) for DC™ as a f“”Ct'O“AOfl/rm where r, is the
henn = 2 is ~5.3 A [18], very close to the criticak, average equilibrium distance (A) between the two charge
w y centers in D&, assumed to be localized on the O atoms of

value. Hence this dianion is eXpeCtEd to be very Weaklyhe Carboxy|ate groups [18] C|rc|eS_EBsquareS_RCB
bound or metastable (bound only by the Coulomb barrier)lines—Ileast squares fits.

EBx (eV) = 3.21(4) - ——

EBx & RCB (eV)
—h N N
o > @
P | TR I SR

-
o
|

o
3]
|

16. 8(3)
n(A)

RCB(eV) = 0.00(5) + ————

2668



VOLUME 81, NUMBER 13

PHYSICAL REVIEW LETTERS

28 BPTEMBER 1998

Relative Electron Intensity

"0O0C(CH2)10CO0"
266nm

L B e B e e N I B R m B me mn |

X2A'Ml A2A"

CH3CO0O"
266nm

1 2 3 a4
Binding Energy (eV)

ing of an electron to a carboxyl group (approximately
the EB of acetate), whereas the Coulomb repulsion de-
pends on the equilibrium distance between the two charge
centers(r,). We assume that the RCB for both the
and A states are the same, because in both cases the
electron is detached from the carboxylate group. We
can therefore estimate the barrier heights, using the mea-
sured binding energies for th€ and A states and the
fact that at 355 nm (3.49 eV) only thg state was ob-
served. For example, for the = 10 case, we know the
barrier has to be smaller than 1.39 €3%/49 eV — EBy)

and larger than 0.97 e{8.49 eV — EB,). The estimated
barrier heights, taken as the average of the upper and
lower bounds, fom = 3-10 are plotted against/r, in

Fig. 3. Despite the approximations made in evaluating
the RCB, a linear relationship is clear. The repulsive
Coulomb barrier decreases as the distance between the

FIG. 4. Comparison of the photoelectron spectrum oftwo charge centers increases, consistent with the Coulom-
“OO0C(CH,)1-COO™ to that of CHCOO at 266 nm  pjc nature of the potential barrier. As approaches infin-
(4.66 eV). Note the high binding energy of the acetate anlor],[y RCB approaches zero. Thus, the RCB curve should
due to the absence of the Coulomb repulsion. The&?A’) ’ . ' . .
state was due to the removal ofpa lone pair electron and the Pass through the origin. A least squares fit including the
A (2A") state was due to the removal ofpa electron from the  0rigin yielded RCB= 0.00(5) + 16.8(3)/r,, where the
carboxylate group of acetate [20]. numbers in parentheses give the uncertainties in the last
digits [21].
Combining the two fitted equations for RCB and B

Figure 4 shows the spectrum of @BO,” compared we obtain the following result: RCB- EBy =~ 3.21 eV
to that of DG~ at n = 10. The spectrum of acetate for all values of r,. As seen from Fig. 2, RCB-
exhibits two spectral features very similar to those ofEBy is equal to the potential well depth that binds the
the dianion, with an identical separation between the tw@xcess electron relative to the ground stge of DC™.
peaks (~0.42 eV). As expected, acetate has a muchTherefore, the well depth for all DC appears to be
higher electron binding energy due to the absence of thindependent of the chain length and is close to the binding
Coulomb repulsion present in the dianions. Hieinitio  energy of the singly charged monocarboxylate (3.4 eV).
molecular orbital calculations indicate that tie band  This observation is reasonable because the excess charges
is due to the removal of one of the @ electrons of are mainly localized on the two carboxyl groups in the
acetate, giving 84’ state [20]. TheA band results from dianions. The lower binding energy in the dianions
the removal of one of the @, electrons of the anion, relative to the monocarboxylate is due purely to the
giving a 2A” species in which the unpaired electron is Coulomb repulsion between the excess charges, which in
shared between the two O atoms. turn is the cause of the potential barrier. The coefficient of

The similar spectral features in both the singly andthe Coulomb term is larger than predicted by Coulomb’s
doubly charged carboxylates suggests that they resulaw, 14.4 eV (e?/4meor), consistent with the fact that
from similar detachment transitions and are not dudhe charges are not strictly localized on the O atoms,
to the presence of inequivalent carboxylate groups irbut rather delocalized over the carboxylate groups in the
the dianions. However, the Coulomb repulsion presenDC?>~ dianions [22].
in the dianions should result in a perturbation of the Forn = 3 and, to a lesser degree, far= 4 and 5,
electronic structure relative to that of the monoanion, an@ hint of theA band was also observed in the 355 nm
the perturbation should depend on the chain length. Aspectra [Fig. 1(b)]. We estimate that the well depth for
noted earlier, both the bandwidth and theX separation the A state is about 3.7 eMRCB + EB,), which is
decrease with the chain length and show no measurablégher than the 3.49 eV energy of the 355 nm photons.
changes fom = 8 (Fig. 1). We attribute these spectral Therefore, the weak intensity of thestate in the 355 nm
variations to a decreased perturbation between the twspectra forn = 3-5 must be due to tunneling through
carboxylate groups with increasing chain length. the Coulomb barrier. The considerable decrease of the

The repulsive Coulomb barrier and the stability of aintensity of theA state with increasing chain length, and
multiply charged anion are determined by the balance bdts eventual disappearance for largein the 355 nm
tween the short-range attraction and long-range Coulombpectra, indicates that the tunneling probability decreases
repulsion of the excess charges. In the’D@ianions the rapidly as the kinetic energies of the emitted electrons
short-range attraction can be characterized by the binddecrease (i.e., as the electron binding energy increases).
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