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Brightly Fluorescent Single-Walled
Carbon Nanotubes via an Oxygen-
Excluding Surfactant Organization
Sang-Yong Ju,1 William P. Kopcha,2 Fotios Papadimitrakopoulos1,2*

Attaining high photoluminescence quantum yields for single-walled carbon nanotubes (SWNTs) in
order to broaden their optoelectronics and sensing applications has been a challenging task.
Among various nonradiative pathways, sidewall chemisorption of oxygen provides a known
defect for exciton quenching through nanotube hole doping. We found that an aliphatic (dodecyl)
analog of flavin mononucleotide, FC12, leads to high dispersion of SWNTs, which tend to
aggregate into bundles. Unlike other surfactants, the surface organization of FC12 is sufficiently
tight to exclude oxygen from the SWNT surface, which led to quantum yields as high as 20%.
Toluene-dispersed, FC12-wrapped nanotubes exhibited an absorption spectrum with ultrasharp
peaks (widths of 12 to 25 milli–electron volts) devoid of the characteristic background absorption
of most nanotube dispersions.

The ability to readily assign the (n,m)
chirality of semiconducting single-walled
carbon nanotubes (SWNTs) by means of

photoluminescence excitation (PLE) mapping
(1), together with their photostability (2), holds
promise for applications in optoelectronics (3),
biological imaging (2, 4), and sensing (4). Al-
though the optical properties of SWNTs are
excitonic in nature (5), these structures exhibit
low-fluorescence quantum yields. Possible causes
include low-lying, nonradiative states (dark ex-
citons) (6) or various defects that, as a result of
the large exciton diffusion length (~90 nm) in
SWNTs, contribute to substantial photolumines-
cence quenching (7, 8). Oxygen in particular, in

the presence of an acid or neutral environment
(9), can quench photoluminescence through hole
doping and subsequent nonradiative Auger re-
combination (8, 10).

To make matters worse, nanotube bundling
(11, 12), along with chemical defects resulting
from covalent functionalization (13) and nano-
tube inhomogeneities (14), can further decrease
or completely quench nanotube luminescence.
Individual SWNTs can have photolumines-
cence quantum yields as high as 8% (15), but
solution-suspended SWNTs have shown much
lower quantum yields [i.e., 1.5% for polyfluorene
(PFO)–wrapped SWNTs (16), 1.1% for purified
DNA-wrapped SWNTs (11), and less than 0.1%
for surfactant-micellarized nanotubes (16, 17)].
Most SWNTsurfactants allow oxygen to interact
and dope these nanotubes, and are sufficiently
labile that they allow the nanotubes to reform
bundles (9). Here, we show that a low-molecular-
weight, organic-soluble analog of flavin mono-

nucleotide, FC12, imparts considerable individ-
ualization in toluene and other aromatic solvents
(i.e., o-xylene and benzene). In addition, the tight
self-organization of FC12 around SWNTs leads
to an effective exclusion of oxygen that affords
quantum yields as high as 20%.

Flavin mononucleotide (FMN), a common
redox cofactor related to vitamin B2, was recently
shown to self-organize around SWNTs through a
helical conformation (18). Such helical wrapping
(Fig. 1, A and B) originates from two sets of self-
recognizing H-bonds that “stitch” the neigh-
boring FMN moieties into a continuous helical
ribbon (Fig. 1A), the concentric p-p interaction
of the isoalloxazine ring with the underlying
graphene sidewalls (Fig. 1B), and a soluble d-
ribityl phosphate side group that imparts effective
solubilization in aqueous media. In an effort to
broaden flavin-based dispersion in organic sol-
vents, we synthesized an isoalloxazine derivative
with an aliphatic (dodecyl) side group, termed
FC12. The synthetic route of FC12 involves two
facile steps with an overall yield of ~35% (19).
FC12 dispersions of CoMoCAT (Co-Mo bime-
tallic catalyst synthesized) SWNTs (20) were ob-
tained by sonicating 1 mg of FC12, 1 mg of
SWNTs, and 4 ml of various solvents for 4 hours
at 300 W. The mixture was centrifuged for 20
min at 10,000g, which eliminated visible SWNT
bundles in various solvents [i.e., benzene, toluene,
o-xylene, ethylacetate, tetrahydrofuran (THF),
pyridine, acetone, and N,N-dimethyl formamide
(DMF)]. Table 1 summarizes the physical proper-
ties of these solvents as a function of dielectric
constant (e). SWNT photoluminescence was ob-
served for only some of these solvents: benzene,
toluene, o-xylene, ethylacetate, THF, and acetone
(see below).

PLE maps for benzene, toluene, ethylacetate,
and acetone show that the photoluminescence
intensity (~315,000 counts) of FC12–(6,5)-
SWNTs in toluene dispersion is 15 to 20 times
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2Department of Chemistry, Institute of Materials Science,
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that for other solvents (see maximum intensity in
the bottom of each panel in Fig. 2; table S1 lists
the relative photoluminescence intensities as a
function of nanotube species, diameter, and chiral
angle). In all PLE maps, all intensity maxima
from the observed first (ES

11) and second (ES
22)

electronic transitions of semiconducting SWNTs
are similarly redshifted as in the case of FMN
(18). The similar ES

11 and ES
22 redshift trend in

organic solvents, as in the case of FMN in H2O
(i.e., 15 to 51 nm for ES

11 and 23 to 71 nm for
ES
22), is in agreement with the tight organization

of flavin around SWNTs (18). Figure S2 plots the
relative photoluminescence intensity of Fig. 2, B
to D, as a function of nanotube diameter dt. With
the exception of (7,5)-SWNTs, which are more
abundant in toluene, the relative photolumines-
cence intensities of the observed nanotube spe-
cies do not change appreciably with dt. However,
the average photoluminescence full width at half-
maximum (FWHM) values of all nanotube spe-
cies in the solvents with low dielectric constant
(i.e., 26 and 27 meV for benzene and toluene,
respectively) are significantly less than those in
the high-dielectric solvents (i.e., 39 and 45 meV
for ethylacetate and acetone, respectively) (table
S1). The larger FWHM and lower photolumines-
cence intensities indicate either large inhomoge-
neity in FC12 functionalization, or a greater degree
of bundling than in the benzene and toluene dis-
persions, or both.

Tan et al. (12) reported that SWNT aggrega-
tion enhances exciton energy transfer (EET) be-
tween SWNTs within bundles, where excitation
of large band gap tubes leads to emission from
SWNTs with smaller band gaps. Such spectral
features are easily discernible for species with
high concentrations, as in the case of (6,5) and
(7,5) for CoMoCAT SWNTs (20). The red
arrows in Fig. 2, A to D, indicate such an EET
feature between (6,5)- and (7,5)-SWNTs. When
normalized to the PLE intensity of (7,5)-SWNTs,
the (6,5) → (7,5) EET feature from the benzene
and toluene is smaller than those seen in ethyl-
acetate and acetone by a factor of 2 to 3 (fig. S3).
This result provides an initial indication that
SWNT individualization in toluene is one of the

reasons for the higher photoluminescence inten-
sity and narrower peaks.

Figure 3A illustrates the corresponding visible–
near infrared (Vis-NIR) spectra of FC12-dispersed
SWNTs in acetone, ethylacetate, and toluene.
The toluene absorption spectrum shows sharper
peaks that are shifted to higher energies with
respect to those of ethylacetate and acetone, as
well as a nearly flat baseline. Note that the three
absorption curves in Fig. 3A are not offset with

respect to each other; rather, they reside on a
power-law background (al–b, where l is the
wavelength and a and b are fitted parameters)
(19, 21). In addition, the ES

11/E
S
22 ratio of (6,5)-

SWNTs, ~6, is the highest reported thus far, with
DNA-wrapped (22), PFO-wrapped (16), and
sodium dodecyl benzene sulfonate (SDBS)–
dispersed (23) SWNTs showing ES

11/E
S
22 ratios

of 3, 3.5, and 3.5, respectively for (6,5)- or (7,5)-
SWNTs. Moreover, the (6,5) ES

11/E
S
22 ratio is ~6

Fig. 1. (A) Top view of isoalloxazine moieties of FC12 wrapped in a 71 helical pattern. Red dotted lines
and green spheres depict the intermolecular H-bonding between neighboring isoalloxazine moieties and
the positions of the solubilizing side chains (undecyl), respectively. Color code for atoms: gray, carbon;
white, hydrogen; blue, nitrogen; red, oxygen. (B) Side view illustrates the tight 71 helical wrapping of
FC12 around (6,5)-SWNTs, which greatly interferes with the presence of a chemisorbed oxygen species
(i.e., 1,4-endoperoxide and its van der Waals radii illustrated in purple) (C).

Table 1. Quantum yield values for (6,5)-SWNTs as a function of solvent dielectric constant (e), H-bonding nature, and solubility values for FC12 and
lumiflavin.

Solvent Photoluminescence
activity

Quantum yield of
(6,5)-SWNTs (%) e

H-bonding
capability*

Lumiflavin
solubility
(mg/ml)

FC12
solubility
(mg/ml)

Max. E S
11

absorption“Sample” “Individual”
Benzene Yes 5 10 2.3 P 4.4 0.31 0.01
Toluene Yes 11 20 2.4 P 4.3 0.23 0.03
o-Xylene Yes 8.7 16.9 2.5 P 5.9 0.25 0.02
Ethylacetate Yes 0.024 0.4 6 M 14.1 0.51 0.075
THF Yes 0.07 0.1 7 M 46.2 11.03 0.21
Pyridine No — — 12.5 M-S 528.7 70.38 0.3
Acetone Yes 0.08 0.2 21 M 53.9 1.81 0.14
DMF No — — 39 M-S 316.7 22.87 0.7
D2O† Yes 0.08 0.8 79 S — — 0.19
*P, poor; M, moderate; M-S, moderate-strong (32). †FMN-dispersed SWNTs in D2O.
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only for toluene, dropping to ~3.5 and 4 for eth-
ylacetate and acetone FC12 dispersions, respec-
tively. Because the ES

11 transitions are more
susceptible to doping-induced bleaching than
are the ES

22 transitions (9), larger E
S
11/E

S
22 ratios

are indicative of a more pristine nature for the
SWNTs.

A close-up of the toluene ES
11 spectral range,

along with peak deconvolution based on the

PLE-observed SWNTs, is shown in Fig. 3B. The
background-subtracted absorption spectrum (cir-
cles) was deconvoluted with a multiplicity of
Lorentzian peaks, where their maxima were
allowed to vary 1 to 2 nm from the corresponding
PLE-derived position (table S1) along with un-
restricted FWHM (19). The NIR spectra were
adequately described by a simple summation of
the individual (n,m)-SWNTs observed in the

corresponding PLE map of Fig. 2B. This one-
to-one correlation between photoluminescence
and absorption spectra indicates profound indi-
vidualization for all observed nanotubes. With
the exception of (7,6)-SWNTs, whose FWHM co-
incides with H2O absorption, the FWHM values
of all nanotubes range from 12 to 25 meV, with
an average of 18 meV (22 meV for weighted
average) (table S2). Comparison of these results
with previously reported FWHM absorption val-
ues for DNA-wrapped nanotubes (18 to 24 meV)
(22) and PFO-dispersed nanotubes (19 to 20meV)
(16) provides additional support for the idea that
the helical wrapping of FC12 affords a highly
uniform environment around these SWNTs (24).

To assess the deconvolution fidelity of Fig.
3B, we compared the percent abundance ob-
tained by absorbance (Fig. 3B) and PLE inten-
sities (table S2). The diameter (dt), modality
[mod(n–m,3) = 1 or 2], family (2n+m= constant),
and (n,m) chirality of SWNTs all influence their
absorptivity and corresponding photolumines-
cence efficiency (25, 26). Our group (21), as
well as others (15, 27), have indicated that the
theoretically calculated absorption [I abscal ðn;mÞ]
and photoluminescence [IPLcal ðn;mÞ] intensity
factors calculated by Oyama et al. (25) provide
a good framework for correlating (n,m) abundance
between absorbance and photoluminescence
results. Columns 4 and 5 of table S2 list the
experimentally observed relative (n,m)-SWNT
abundance as obtained by absorbance and PLE
results, respectively. When these results are scaled
by the Oyama-derived factors (columns 7 and 8),
the average divergence between the absorbance-
and photoluminescence-derived abundance results
(0.12) becomes less than the divergence of the
unscaled abundances (0.18).

What is the nature of the significantly greater
background absorption for ethylacetate and

Fig. 2. Solvent-driven influences on the photoluminescence characteristics and brightness (maximum
intensity counts) of FC12-dispersed CoMoCAT SWNTs. Numbers in parentheses and white circles indicate the
(n,m) chiral indices and peak position, respectively, of various SWNT species in (A) benzene, (B) toluene, (C)
ethylacetate, and (D) acetone. The toluene FC12-SWNT dispersion shows a maximum photoluminescence
intensity (314,800 counts) for a significantly lesser amount of SWNTs according to Fig. 3A. Red arrows
depict EET features from large to small band gap nanotubes.

Fig. 3. Aggregation-induced spectral
purity of FC12-dispersed SWNTs, as
deduced by spectral deconvolution of
their electronic absorption in various
solvents. (A) Nonoffset Vis-NIR ab-
sorption spectra of FC12-dispersed
SWNTs in acetone, ethylacetate, and
toluene. (B) Deconvoluted NIR region
of the toluene sample, based on the
PLE-observed (n,m)-SWNT species of
Fig. 2B. Circles and red curves denote
the experimental and reconstructed
spectra from the summation of the
color-coded Lorentzian peaks, assigned
to various (n,m) nanotubes. The former
curves were offset upward by 0.002
absorbance units to facilitate visual
comparison. (C) Absorption spectra
from acetone, ethylacetate, and tol-
uene FC12-SWNT dispersions from930 to
1120 nm, along with their deconvoluted
components depicting the color-coded
(9,1)-, (8,3)-, (6,5)-, and (7,5)-SWNT
species, in conjunction with two orange-
colored Gaussians attributed to aggregate absorptions from the major (6,5) and (7,5) nanotube species.
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acetone? Figure 3C illustrates the deconvoluted
window from 930 to 1120 nm of Fig. 3A. This
region contains the ES

11 absorptions of the most
abundant (6,5)- and (7,5)-SWNTs in CoMoCAT
sample (20), along with (9,1)- and (8,3)-SWNTs.
After background subtraction (19), the pro-
nounced features of (9,1)-, (6,5)-, and (7,5)-
SWNTs allowed us to determined an average
redshift of 21 meV for all three absorptions.
When we redshifted and confined the peak posi-
tion of all four nanotube absorptions of Fig. 3A
and allowed peak height and FWHM optimiza-
tion for Fig. 3C, the resulting fits (for several
attempts) reproduced poorly the 1025 to 1050 nm
and the 1075- to 1100-nm regions of ethylacetate
and acetone sample, which are not occupied by
any nanotubes (fig. S4). To account for this
shortcoming, we introduced two Gaussian peaks
in these positions (highlighted in orange), and re-
deconvolved these spectra, to obtain an optimum
fit. These two Gaussian peaks are shifted by an
average of ~27 meV compared to the redshifted
positions of (6,5) and (7,5)-SWNTs. Substitution
of these two Gaussian peaks with Lorentzian
shape produced a less optimum fit, indicative of
an ensemble rather than an individual nanotube
species.

Dynamic light scattering (DLS) was used to
qualitatively assess the presence or absence of
nanotube bundling in various solvents. In order
to minimize laser absorption by both nanotube
and the tail-end of FC12 that inadvertently inter-
feres with size-dependent Brownian motion
through thermal convection, we used a 633 nm
laser line at 5 mW intensity power. Badaire et al.
(28) reported that for laser powers below 150
mW, SWNT-related thermal convection effects
become insignificant. The time-dependent auto-
correlation function, C(t), for the toluene and
ethylacetate dispersed FC12-SWNT samples of
Fig. 3A, are shown in fig. S5. After the rapid
initial C(t) decay, the toluene dispersion exhibits
only a minor fluctuation between 20 and 75 ms.
However, the ethylacetate dispersion exhibits a
broad fluctuation spanning in excess of 400 ms,
indicative of large bundling (28).

The presence of small and large SWNT bun-
dles has been previously observed (11, 12, 29).
Density gradient centrifugation has been used
to fractionate, according to buoyancy, surfactant-
suspended SWNTs in bundles of different di-
ameter (11). Small bundles were shown to
exhibit a progressively redshifted absorption
(as high as 19 meV) and larger FWHM rel-
ative to individualized SWNTs. Similarly, their
photoluminescence emissions were broader,
were redshifted, and had considerably smaller
photoluminescence quantum yields. These find-
ings are in good agreement with the 21 meV in
average redshift of the main ES

11 absorptions
in Fig. 3C. This, along with the broader FWHM
in both PLE and absorption spectra of ethyl-
acetate and acetone FC12 dispersions, indicates
that bundling is a major factor in luminescence
quenching.

The profoundly intense PLE signal of toluene-
dispersed FC12 dispersion, in particular that of
the (6,5)-SWNTs, prompted us to determine their
photoluminescence quantum yield using the
method in (11). The absorbance (Fig. 4A) and
emission (Fig. 4B) spectra of Styryl-13 were
compared with the ES

22 absorption and E
S
11 emis-

sion profiles of SDS- and FC12-dispersed
CoMoCAT SWNTs. The 11% quantum yield of
Styryl-13 at 3.3 × 10−7 M in methanol was used
as a primary reference standard because of the
close excitation and emission spectral overlap
with (6,5)-SWNTs (11). Before determining the
quantumyield of toluene-dispersedFC12-SWNTs,
we used the aqueous-dispersed SDS-SWNTs as a
secondary standard (16, 17). Because the power-
law background signal in both SDS and FC12
can influence significantly the nanotube quantum
yield figures, we define as “sample” and “indi-
vidual” quantum yields the values obtained when
(6,5) absorption is taken from either zero absorb-
ance units or the power-law fitted line, respec-
tively. Figure S6 illustrates sample quantum yields
of SDS-dispersed (6,5)-SWNTs as a function of
their ES

22 absorption peak intensity. A value of
0.5% for the “sample” quantum yield was ob-
tained at ultimate dilution while keeping the SDS
concentration above the critical micelle concen-
tration of ~1 weight percent (16, 17). Progressive-
ly higher concentrations decrease the quantum
yield down to 0.05% and below, in accordance
with (16, 17). The substantially higher photo-
luminescence intensity of FC12- versus SDS-
dispersed SWNTs (Fig. 4B) yields a “sample”
quantum yield of ~11% for (6,5)-SWNTs. When
the scattering background is removed, the “indi-
vidual” (6,5) quantum yield increases to ~20%.
Table 1 lists the corresponding (6,5) quantum
yields for all solvents in this study. o-Xylene and

benzene demonstrated 17% and 10% “individual”
quantum yield for (6,5)-SWNTs, respectively,
with the remaining solvents showing progressive-
ly lower quantum yield values.

There may be several causes for the surpris-
ingly large quantumyields for (6,5)-SWNTs.Near-
armchair nanotubes such as (6,5)-SWNTs have
been theorized to exhibit progressively higher quan-
tum yields as their diameter decreases (25, 30), al-
though modality and family dependence also play
an important role. Such increases, however, together
with recent ~8% quantum yield determination for
SDBS-suspended SWNTs (using single-nanotube
photometry) (15), cannot explain the aforemen-
tioned 20% quantum yield value for (6,5)-SWNTs.
Similarly, the possibility of selective enrichment
of only (6,5)-SWNTs can easily be ruled out on
the basis of one-to-one correlation between photo-
luminescence and NIR absorption, as well as the
close resemblance of the relative photolumines-
cence abundance histograms for FC12- and SDS-
dispersed nanotubes in fig. S2.

To pinpoint the nature of such a high quantum
yield, we investigated the tight wrapping of FC12
onto nanotubes by time-dependent photolumi-
nescence intensity traces as a function of O2.
Unlike SDS dispersion, which exhibits progres-
sively lower photoluminescence as a function of
irradiation (9), the photoluminescence intensity
of toluene FC12 dispersion remained constant
(Fig. 4C). Although the reversible acid-induced
p-doping of SWNTs in the presence of oxygen is
well documented (7–9), less attention has been
exerted on SWNT interactions with oxygen alone
(8). Density functional theory calculations by
Dukovic et al. (8) indicate that singlet O2

chemisorbs on a (5,0)-SWNT and adopts a 1,4-
endoperoxide structure (Fig. 1C). The calculated
activation energy for 1,4-endoperoxide desorp-

Fig. 4. Quantum yield determination and photo-oxidation stability of SDS- and FC12-dispersed
SWNTs. Quantum yield values for (6,5)-SWNTs were determined by comparing their electronic
absorption (A) and photoluminescence emission (B) relative to a Styryl-13 reference standard (11).
(C) Normalized photoluminescence intensity behavior of (6,5)-SWNTs as a function of irradiation
time in their respective D2O and toluene media. (D) “Individual” quantum yield dependence of
(6,5)-SWNTs versus FC12 solubility in various solvents.
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tion (~1 eV) (8) is about half of the binding
energy of a single isoalloxazine moiety (~2.2 eV)
(31), which suggests that chemisorbed O2 should
be displaced by FC12 organization around the
nanotubes. As illustrated in Fig. 1C, the seamless
isoalloxazine wrapping is severely prohibited in
the presence of a chemisorbed 1,4-endoperoxide
because of van der Waals repulsions. In contrast
to FC12, the loose organization of other surfac-
tants (such as SDS and SDBS) around SWNTs
permits the inclusion of these 1,4-endoperoxide
defects. We note that PFO-wrapped SWNTs, in
which the surfactant is more organized, have a
greater nanotube “sample” photoluminescence
quantum yield (1.5%) (16) versus 0.1 to 0.5% for
SDS-dispersed SWNTs (16, 17).

The origin of the large solvent variation in the
observed photoluminescence quantum yield may
originate in the relative solubility differences of
the two FC12 submoieties (i.e., isoalloxazine ring
and dodecyl side chain). We procured 10-methyl
isoalloxazine (lumiflavin), the closest analog to
the isoalloxazine ring, and investigated its solu-
bility characteristics versus those of FC12. Table
1 lists the solubilities of lumiflavin and FC12 as a
function of dielectric constant (e) of various sol-
vents. Both lumiflavin and FC12 exhibit signif-
icantly reduced solubilities in nonpolar solvents
(i.e., benzene, toluene, and o-xylene), with tolu-
ene the lowest. As solvent polarity increases (i.e.,
ethylacetate, THF, and acetone), their solubilities
increase accordingly. Pyridine and DMF exhibit
the highest solubility values for both lumiflavin
and FC12, although SWNT photoluminescence
activity is absent. Such behavior would originate
from the moderate to strong H-bonding ability of
pyridine and DMF, which would dissociate the
H-bonded FC12 ribbon responsible for nanotube
dispersion.

The “individual” quantum yield of (6,5)-
SWNTs is shown in Fig. 4D as a function of
FC12 solubility in each solvent (Table 1). High
quantum yields (green line) were seen for low-
polarity solvents, and low quantum yields (ma-
genta line) were seen for medium-polarity
solvents. For both regimes, the increase in FC12
solubility was followed by a decrease in quantum
yield. Because H-bonding is responsible for both
helix stability and FC12 (or lumiflavin) dissolu-
tion, increasing solvent polarity is expected to
increase the helix dissociation constant and render
FC12-wrapped nanotubes more prone to bundl-
ing and less able to desorb 1,4-endoperoxide de-
fects. The proportionality of the helix dissociation
constant to the FC12 solubility would account
for the linear dependence of 1,4-endoperoxide
defect removal along the one-dimensional SWNT
structure. The uniform and defect-free environ-
ment offered by the flavin organization, which is
needed as a result of the large exciton diffusion
length (~90 nm) (7) in SWNTs, opens an array
of new frontiers in SWNT photophysics. More-
over, the flavin organization is also compliant
with the hierarchical assembly of nanotubes for
device manipulation.
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Probing the Angular Momentum
Character of the Valence Orbitals of
Free Sodium Nanoclusters
C. Bartels, C. Hock, J. Huwer,* R. Kuhnen, J. Schwöbel,† B. von Issendorff‡

Although many properties of polyatomic metal clusters have been rationalized by an electron shell
model resembling that used for free atoms, it remained unclear how reliable this analogy is with
respect to the angular momentum eigenstate character of the electronic wave functions. We
studied free size-selected negatively charged clusters of sodium atoms (Nan

–) of approximately
spherical shape (n = 19, 40, 55, 58, 147) by angle-resolved photoelectron spectroscopy over a
broad range of photon energies (1.5 to 5 electron volts). Highly anisotropic, state- and
energy-dependent angular distributions emerged for all sizes. Well-defined classes of energy
dependence related to the approximate angular momenta of the bound-state orbitals indicate that
the overall character of the valence electron wave functions is not appreciably influenced by the
interaction with the ion background. The measured distributions nevertheless deviate strongly from
the predictions of single-electron models, hinting at a distinct role of correlated multielectron
effects in the photoemission process.

Under the free-electron model, a cluster of
metal atoms can be seen as a realization
of the textbook case of a spherical box

potential filled with a well-defined number of
electrons, and therefore as an ideal model system
to study the structure and dynamics of a finite-
size Fermi system. In such a system, the electrons
occupy angular momentum eigenstates, which
leads to a highly discretized density of states—
the electron shell structure (1, 2). By analogy
with atomic orbital filling, the clusters can thus be

construed as “artificial atoms” (3). Sodium is the
best representative of a free-electron metal (4),
and indeed it was for sodium clusters that an
influence of this shell structure was initially ob-
served (5). This result inspired a wealth of studies
on simple metal clusters, and shell effects have
been found in many cluster properties, for ex-
ample, in the size dependences of binding ener-
gies, ionization potentials, and absorption spectra
(1). Nevertheless, photoelectron spectroscopy,
which in principle allows a direct imaging of
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