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Probes of delayed electron emission and associated activation barriers
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Abstract

Singly and doubly charged fullerene anions were introduced into gas phase by means of electrospray starting from a solution containing a very
efficient electron donor compound. Following isolation and trapping, mass selected anions were irradiated with a ns-pulse from a Nd:YAG laser at
the third harmonic (hν = 3.5 eV) in order to study (delayed) photoemission. We present results on the laser-fluence dependence of photoemission
for singly charged C76

− and C84
− as well as for doubly charged C76

2−. Results are discussed in terms of statistical electron emission as opposed to
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irect detachment. They are further analyzed to give information on the number of photons necessary to induce delayed electron emission on the
xperimental time scale. The averaged absolute absorption cross-sections obtained were about 0.6–0.8 Å2 for all species probed. The agreement
etween experimental data and statistical modelling shows that electronic excitations which rapidly relax to vibrationally hot ions provide the
ominant contributions to the 355 nm absorption cross-sections. As a corollary, we show that direct single-electron detachment is a minor process for
he singly charged fullerene anions having a cross-section <0.02 Å2. For C76

2−, electron emission follows an absorption law in which single-photon
xcitation is the leading contribution. From the data we deduce a Coulomb barrier height for C76

2− of 1.20 eV.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Delayed electron emission has been recognized as an impor-
ant relaxation channel upon excitation of clusters and is often
escribed in analogy to the well-known bulk phenomenon of
hermionic emission. Experimentally, evidence for this particu-
ar electron emission mechanism is based on the characteristic
ime scale of the process and/or the specific (thermal) energy
istribution of the emitted electrons. Excitation of the cluster of
nterest is typically achieved by thermal heating (e.g., using an
ven source), electron attachment or – and most widely used –
ingle or multiple photon absorption upon irradiation with lasers.
arly accounts of delayed electron emission include pioneer-

ng studies on transition metal clusters [1,2] like photoelectron
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spectroscopic probes of small tungsten cluster anions [3–5] and
lifetime measurements on multi-photon excited neutral niobium
clusters [6]. Arguably, fullerenes comprise the most widely stud-
ied system in this context. Pioneering experiments on delayed
ionization of neutral C60 and C70 after ns-laser multi-photon
excitation were reported by Campbell et al. [7] and Wurz and
Lykke [8]. For neutral and positively charged fullerenes, delayed
ionization has typically been found to be in competition with
fragmentation (=C2 loss) due to comparable activation ener-
gies [9]—unless fs-laser excitation was employed [10]. The first
observation of delayed emission from C60

− was reported by
the group of Smalley [11] and more systematically studied as a
function of excitation energy (by means of surface collisions) by
Yeretzian et al. [12]. Since the activation energy for electron loss
from a negatively charged ion – namely the first adiabatic elec-
tron affinity of the corresponding neutral – is much smaller than
the dissociation energy, the fragmentation channel is completely
quenched.

More recently, it has become clear that an accurate description
of delayed electron emission rates on time scales longer than ms
387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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requires that radiative cooling is also adequately accounted for.
In this context extensive effort has been put into probing the
lifetime of (photo) excited fullerene anions using the Aarhus
ion storage ring [13]. Observations included the finding that
C60

− radiates energy with an intensity of about 200 eV/s after
(multiphoton) excitation to 14 eV. This was discussed in terms
of low-lying electronically excited states which are populated
at the corresponding effective temperature (1400 K) and which
contribute to the overall radiative power [14].

In contrast to singly charged species, thermal emission of
electrons from doubly or multiply charged anions – also termed
multianions – is a relatively new field. Multianions pose new
challenges/questions as to: (i) a proper description of the (non-
local) repulsive Coulomb barrier to be overcome or tunnelled
through upon electron emission, (ii) the possibility of thermally
activated tunneling processes, (iii) the spectroscopic charac-
terization of the ground and excited states involved, and (iv)
the experimental generation of such multianions to begin with.
Fullerene-dianion delayed electron emission was first reported
by Compton et al. [15] after sequential attachment of two elec-
trons to C84. Lifetime measurements led to the inference of an
effective activation barrier for electron loss of 2.18 eV. Upcharg-
ing upon few-eV electron attachment to monoanions stored in
Penning traps [16–18] has been demonstrated to give (stable)
dianions of various fullerene sizes Cn

2− (n > 70). An earlier
study from our group established that electrosprayed room-
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isomers [26,27]. Negative ions of fullerenes were generated
by electrospraying 0.1 mmol solutions of enriched C76 and
C84 in 1,2-dichlorobenzene. As has been shown recently [19],
the negative ion yield can be significantly enhanced by using
tetrakis-dimethylaminoethylene (TDAE, Aldrich) as electron
donor which was used as a 0.1 mol/l solution in toluene. In con-
trast to our earlier studies the fullerene and TDAE solutions
were kept separate in two syringes and pumped independently
at typical flow rates of 50 and 20 �l/h, respectively. They were
mixed together in a T-like configuration (through 1/16 in. inner
diameter PEEK tubings) just before entering the spraying needle
(stainless steel, 200 �m inner diameter) held at a high voltage
of typically −4500 V relative to the desolvation capillary. After
spraying, ions were pretrapped in a hexapole trap for 0.1–0.3 s
at about 10−3 mbar at ambient temperature. Efficient mass-
selection to discriminate singly from doubly charged fullerene
anions was achieved by using the high mass cut-off properties of
multipole ion guides as a function of the applied rf voltage [28].
At an optimized value Vp–p of 70 V the discrimination between
transmitted C76

2− (m/z = 456) and blocked C76
− (m/z = 912) was

better than 4000:1.
The vibrational excitation of ions entering the ICR cell was

estimated to be near room temperature. In order to allow ions
to enter the trap the potential of the front trapping plate was
pulsed open at a given delay. This time window allows a fur-
ther pre-selection of ions of a certain mass/charge range due to
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emperature C70
2− undergoes metastable decay with a half-life

f 80 s [19]. Photoelectron spectroscopy probes (direct detach-
ent) of doubly charged C76

2− and C84
2− revealed that the

econd electron affinities of these larger fullerenes are positive.
orresponding ground state Coulomb barrier heights of 1.1 and
.95 eV were also inferred [20]. C60

2− was already tentatively
dentified in early mass spectrometric probes [21,22]. However,
nly recently intense enough ion beams of this elusive species
ave been generated to allow further studies—via the expedient
f keV collisions of C60

− with sodium atoms [23]. As yet there
as been no reported lifetime measurement of what is expected
o be an electronically metastable dianion ground state.

In this contribution we report first results of photodetachment
tudies on singly and doubly charged fullerene anions C76 and
84 trapped in a FT-ICR mass spectrometer. We address ques-

ions regarding the prevalent electron emission mechanism after
hoto-excitation and provide quantitative results on power laws
nd associated activation energies.

. Experimental

Studies were carried out using a Fourier transform ion
yclotron resonance mass spectrometer FT-ICR-MS (Apex II,
ruker Daltonics) equipped with a cylindrical Infinity® cell as
escribed previously [24]. The fullerene samples C76 and C84
ave been obtained by a high-performance liquid chromatog-
aphy protocol developed in our laboratory [25] for enrich-
ent of higher fullerenes starting with fullerene soot derived

rom a Kretschmar–Huffman type discharge oven. Fullerenes
btained in this way consist of a single isomer of C76 (D2)
hereas C84 comprises a 2:1 mixture of D2(5) and D2d(22)
heir different time-of-flight between hexapole ion trap and ICR
ell. Applied trapping voltages were typically −2 V. The ions
ere irradiated in the ICR cell by a single pulse from a Nd:YAG

aser (30 Hz, third harmonic, 3.50 eV photon energy, 6 ns pulse
ength) as controlled by a computer-controlled mechanical shut-
er (Newport, Model 845 HP) as described recently [29]. The
hutter is opened for 33 ms (=1/30 s) in order to allow a single
aser pulse to be transmitted. This time defines an upper limit for
he time delay between laser pulse and ion detection and is used
n the simulations as the upper limit of the experimental time
indow (see below).1 Individual mass spectra were recorded
ith and without laser in an alternating mode and this sequence
as typically repeated 32 times yielding a signal-to-noise ratio
n the parent ion of >104:1. The mass spectra were evaluated
y integrating the ICR signals in the frequency domain and cor-
ecting for the charge state. They were then normalized to the
espective parent ion signal of the reference mass spectrum with-
ut laser. We define the surviving fraction of parent ions as

= I

I0
= [Cn

(2)−]
with laser

[Cn
(2)−]

without laser (1)

n order to take power dependencies the laser beam was attenu-
ted by means of a polarisation attenuator. For online measure-
ents of the relative laser power we guided a reflection from
beam splitter onto a pyroelectric detector (33–140, Coher-

nt) read out by a power monitor (Coherent, Fieldmaster GS).

1 Ion intensities (and thereby the depletion) measured did not change as a
unction of the length of the transient recorded for detection; showing that there
s no significant decay within the time window of the detection.
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Fig. 1. Schematic of the experimental setup used for the photodetachment probes
of ions trapped in a FT-ICR mass spectrometer. Electrospray ionization source
(ESI) with hexapole trap (H), high-voltage ion transfer optics (HVO) and Pen-
ning trap (PT). A, attenuator; (D)M, dichroic mirror; I, iris; S, shutter; M, mirror;
BS, beam splitter; SM, switchable mirror; P, prism; D1 and D2, laser power
meter; BP, beam profiler.

The absolute laser power was measured in front of the FT-ICR
entrance window using a thermopile detector (LM-10, Coherent)
and correlated to the relative power measurement after each 32
pulse sequence. In order to determine the absolute laser fluence
we also measured the beam profile and size by means of a CCD
camera as implemented in a beam profiler (Beamstar V, Ophir).
Gaussian envelopes were fitted over the recorded beam profiles
and the full width at half-maximum of the Gaussians taken as
the beam diameter. Finally the overlap between the laser beam
(diameter of 6 mm FWHM) and ion cloud in the ICR cell was
carefully optimized so as to give near-complete depletion at the
maximum laser fluence (Fig. 1).

3. Results and discussion

Fig. 2 shows typical mass spectra of room-temperature elec-
trosprayed C76

2− parent ions before and after laser irradiation
under otherwise identical conditions and without further scaling.
We note that mass selection in the mass spectrum without laser
(Fig. 2, top panel) is achieved by proper ion source conditions as
described in the previous section and no further mass-selection
in the ICR cell was employed since it typically impaired the
overlap between laser and ion cloud as described recently [29].

As for all singly and doubly charged fullerene anions studied
here, the loss of an electron is observed as the only m/z-changing
r
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Fig. 2. Top panel: Mass spectra from an electrosprayed C76/TDAE solution
with ion source conditions optimized for mass pre-selection to discriminate
doubly from singly charged fullerene anions. Inset displays magnified portion
of the dianion mass range indicating the half integer splitting of the isotopomers.
Bottom panel: Same as above, but taken after irradiation with a 355 nm laser
pulse (6 ns, 1 mJ/pulse). Peaks marked with an asterisk indicate small amounts
of C78

2− and C84
2−.

Here F denotes the laser fluence (as the number of photons per
unit area, Å−2) and σ describes the apparent absorption cross-
section which is assumed to be the same for all k photons. Decay
is assumed to occur if the number of absorbed photons is equal to
or larger than a critical number n. The absorption law describing
the surviving fraction S of parent ions corresponding to such a

Fig. 3. Laser fluence dependence of photodetachment of C76
− at 355 nm. Super-

imposed (solid line) is a data analysis based on Poisson statistics for multiple
photon absorption (see Eq. (3) in the text and Table 1 for fit parameters).
elaxation process after photon absorption. Figs. 3 and 4 show
he surviving fraction of singly charged C76

− and C84
− as a

unction of the absolute photon density at 355 nm. The data are
nalyzed on the basis of a (non-coherent) multi-photon absorp-
ion/delayed detachment mechanism in which the probability P
o absorb k photons can be described by Poisson statistics which
eads [29]:

k(F ) = 1

k!
(σF )ke−σF (2)
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Table 1
Optimized parameters (cross-section σfit and overlap αfit) obtained from a Poisson statistics fit (Eq. (3)) to the data sets

n σfit (Å2) αfit χ2 σ (Å2) EA1 (eV)a EA2 (eV)b

C76
−

4 0.55 1.02 7.8 0.80 ± 0.20 2.89 ± 0.05
5 0.72 0.99 3.4 0.80 ± 0.20 2.89 ± 0.05
6 0.88 0.97 3.1 0.80 ± 0.20 2.89 ± 0.05
7 1.04 0.96 4.6 0.80 ± 0.20 2.89 ± 0.05

C84
−

5 0.62 0.98 1.4 0.75 ± 0.11 3.14 ± 0.06
6 0.75 0.97 0.6 0.75 ± 0.11 3.14 ± 0.06
7 0.88 0.97 1.5 0.75 ± 0.11 3.14 ± 0.06

C76
2−

1 0.64 0.97 1.7 0.64 ± 0.10 0.08 ± 0.17
2 1.27 0.97 35.1 0.64 ± 0.10 0.08 ± 0.17

χ2 measure the goodness of the fits. Best fits are given in bold. The fit error on the cross-section σfit and the overlap αfit is about 0.5%. The (average) cross-section
σ is deduced from the best fit. Total error on σ is estimated to be 15% mainly due to variations in the laser beam profile.

a Adiabatic first electron affinities taken from Ref. [33].
b Adiabatic second electron affinities taken from Ref. [20].

Fig. 4. Laser fluence dependence of photodetachment of C84
− at 355 nm. Super-

imposed (solid line) is a data analysis based on Poisson statistics for multiple
photon absorption (see Eq. (3) in the text and Table 1 for fit parameters).

n-photon process can then be written as:

Sn(F ) = (1 − α) + α

n−1∑
k=0

Pk(F ) (3)

The overlap is taken into account by the parameter α ranging
from 0 (no overlap) to 1 (complete overlap). Eq. (3) is used to
fit the experimental data with σ and α being free fit parameters
for any given n. The results are summarized in Table 1: the
best fits, characterized by the lowest χ2, are given in bold face.
The experimental data points and the fits for a selection of n-
values are shown in Fig. 3 (C76

−), Fig. 4 (C84
−) and Fig. 5

(C76
2−). Best fits are given as solid lines. For C76

−, n = 5 and
6 give rise to equivalent fits, as their respective χ2 differs by
less than 10%. For C84

−, the number n of photons required
to induce electron emission is 6. The dianion C76

2− shows a
very different behaviour as shown in Fig. 5. Here, a one-photon
process is clearly prevalent.

The analysis also leads to the determination of absolute cross-
sections: 0.81 ± 0.20 Å2 for C76

− 0.75 ± 0.11 Å2 for C84
− and

0.64 ± 0.10 Å2 for C76
2− These cross-sections can be under-

stood as averages over the respective n photon absorption pro-
cess in the case of the singly charged ions. The error on these
measurements stems mainly from the variation of the laser beam
profile (and also from the uncertainty in the value of n for C76

−).
While these cross-sections do not show a clear size-dependence,
a charge dependence may be inferred for C76

2−/C76
−, with the

apparent cross-section being somewhat smaller for the dianion
than for the monoanion. Both monoanion measurements show
a pronounced plateau at small photon densities, i.e., S > 0.97 for
F < 2 Å−2. This implies that the direct (one-photon) photoemis-
sion process is a minor channel (otherwise a fluence dependence
like that of the dianion would be observed) and we infer an upper
limit of 0.02 Å2 for the associated cross-section. Apparently at
this wavelength most of the oscillator strength is associated with
multi-electron excitations of the anions—possibly dominated
by the low-energy tails of the corresponding surface plasmon
excitations of the fullerenes. A more detailed discussion on
the apparent cross-sections compared to known solution phase

F
S
n

ig. 5. Laser fluence dependence of photodetachment of C76
2− at 355 nm.

uperimposed (solid lines) is a data analysis based on Poisson statistics for
= 1 and 2 (see Eq. (3) in the text and Table 1 for fit parameters).
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UV–vis spectra [30] as well as on the type of electronic excitation
involved will be given elsewhere [31].The clear multi-photon
behaviour found for C76

− and C84
− suggests that the elec-

tron emission for monoanions can be described by a statistical
(thermionic) process rather than a direct single-electron ioniza-
tion step, although the photon energy used (3.50 eV) exceeds
the ionization threshold (=first electron affinity) for both ions
(see Table 1). The rate of statistical electron emission from a hot
molecule may be described by the following equation [14]:

k(T ) = ν exp

(
− Eb

kBTe

)
(4)

Eb is the activation energy, which for the singly charged
anions is equivalent to the adiabatic electron affinity and T is
the initial temperature before emission. The temperature T is
obtained from the internal energy E after photon absorption
(E(T) = Einitial(300 K) + nhν) using the vibrational density of
states as described in Ref. [17] based on the concept of a micro-
canonical temperature. For C76, e.g., Einitial(300 K) amounts to
0.76 eV. Te is the effective emission temperature correspond-
ing to an effective heat-bath correction (E(Te) = E(T) − Eb/2).2

The pre-exponential factor ν in Eq. (4) can be calculated from
a consideration of detailed balance. If one assumes an average
(energy independent) electron attachment cross-section σa, the
pre-exponential factor takes the form:

ν
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Fig. 6. Model calculation for statistical electron emission from C76
− (heated by

n 355-nm photons) with (solid line) and without (dashed line) radiative cooling.
The shaded area marks the experimental time window.

cooling: about two-thirds of the ions would survive. In contrast,
absorption of seven photons leads to complete electron loss in
spite of parallel radiative cooling. Again the agreement between
experiment (n = 6) and the statistical modelling is good—given
the fairly crude assumptions made in the experimental evalua-
tion as well as in the model description.

To summarize this paragraph: electronic excitation of singly
charged fullerene anions by a ns-laser at 355 nm is gov-
erned by (delayed) electron emission as the leading relaxation
channel—as the observed laser power dependence is consis-
tent with the predictions of statistical rate modelling (including
radiative cooling) to within experimental error. This description
is based on parameters that have been well established experi-
mentally, namely the pre-exponential factor (=effective electron
attachment cross-section) and the activation energy (=electron
affinity).

For the doubly charged fullerene C76
2− one might then in

turn wonder whether it is possible to deduce an activation
energy from our experimental observations—assuming that a
similar excitation/de-excitation mechanism applies. Unfortu-

F
n
T

= m

π2h̄3

gf

gi
σa(kBTf)

2 (5)

is the electron mass and gf/gi denotes the ratio between
lectron degeneracies in the final and initial states. Tf is the
orresponding temperature after electron emission as obtained
ia E(Tf) = E(T) − Eb. We use ν values for the singly charged
ullerenes based on the ν value derived from lifetime mea-
urements on hot C60

− (ν = 2.1 × 106 (Tf/K)2 s−1) [14] scaled
inearly for the higher number of atoms. Note that on the time
cale of our experiment radiative cooling can be expected to
ubstantially modify the decay times for excitation levels corre-
ponding to temperatures above 1000 K. The effect of radiative
ooling is therefore taken into account in this work as outlined
y the Aarhus group [14] where it was found that the radiative
ntensity scales with T6 and takes on a value of Ir = 138 eV/s at
= 1356 K for C60.
The results are shown for C76

− and C84
− in Figs. 6 and 7,

espectively. For comparison the time-dependent surviving frac-
ions Sn are displayed for each n-photon process with and
ithout the effect of radiative cooling. In the case of C76

−
bsorption/heating by five photons is required to induce (near-
omplete) electron emission even when accounting for radiative
ooling. This is in good agreement with our experimental eval-
ation of n = 5 (or 6). For C84

− the electron emission following
he absorption of six photons is severely inhibited by radiative

2 Note that this description is more general but equivalent to the heat-bath
orrection of the form Te = T −Eb/2C as long as the heat capacity C is constant
hich is a good approximation for temperatures T > 1000 K. For smaller tem-
eratures the heat capacity becomes explicitly temperature dependent and we
se the expressions from Ref. [17].
ig. 7. Model calculation for statistical electron emission from C84
− (heated by

355 nm-photons) with (solid line) and without (dashed line) radiative cooling.
he shaded area marks the experimental time window.
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Fig. 8. Calculated lifetimes for statistical electron emission from C76
2− for

two different electron attachment cross-sections σa = πR2 of 113 Å2 (solid) and
11 Å2 (dashed). The two horizontal lines mark the limits to the experimen-
tal time window. The correspondingly assigned activation energy amounts to
1.28 ± 0.08 eV.

nately, there are only rough estimates for the electron detach-
ment/attachment cross-sections pertaining to doubly charged
fullerene anions/monoanions. These range between 1 and
100 Å2 [15,17]. It has been suggested that the radius at which the
Coulomb barrier is maximal can be considered as an upper limit
to the electron capture radius for the monoanion. Accordingly,
we insert a value of R = 6Å (σa = πR2 = 113 Å2) for C76

2− [17]
and calculate the expected lifetime as a function of the activa-
tion energy Eb using the statistical formalism given in Eqs. (4)
and (5). Note that at this excitation energy, radiative cooling is
likely negligible. Fig. 8 shows the calculated lifetime adopting
the one-photon-absorption law described above (Fig. 5). From
the upper limit of our experimental time window we then infer
an upper bound to the activation energy of 1.35 eV.

A lower bound of 1.20 eV is obtained under the dual assump-
tions of a 10-fold smaller electron attachment cross-section
(σa = 11 Å2) and the lower limit of the experimental time win-
dow. We therefore assign a preferred value of 1.28 ± 0.08 eV.
Physically, this activation energy likely corresponds to the
Coulomb barrier (for an electron approaching the monoanion)
augmented by the second electron affinity. Taking our value
of the activation energy and subtracting from it EA2(C76) of
0.08 eV gives a Coulomb barrier of 1.20 eV. Within experimen-
tal error, this number is in excellent agreement with a previously
reported value of 1.10 ± 0.2 eV obtained from a photoelec-
tron spectroscopic study of C 2− [20]. It is somewhat smaller
t
s

4

f
t
w
t
e

electron emission rate model which is in good agreement for the
singly charged ions for which the crucial activation energy, i.e.,
the first electron affinity, is well-known. This corresponds to a
picture in which the electronically excited anion quickly decays
into the vibrational manifold of the electronic ground state lead-
ing to electron emission from a “hot” molecular ion. Applying
the same model assumptions to doubly charged C76

2− we obtain
a value for the Coulomb barrier of 1.2 ± 0.1 eV.
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