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We address the influence of clustering on the ultra-fast dissociation of bromomethane. Valence
and core photo-electron spectroscopy, partial electron yield absorption, and resonant Auger spec-
troscopy have been used together with ab initio calculations to investigate the properties of the
ultra-fast dissociation. The ratio of ultra-fast dissociation of molecules in clusters as compared
to free molecules is determined to be significantly reduced. We propose partial delocalization of
the excited electronic state as being responsible for this behavior. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4903455]

I. INTRODUCTION

Ultra-fast dissociation (UFD) upon core excitation is a
well known process in many molecular systems.1–6 In such a
process, a core electron is excited into an anti-bonding orbital.
For some molecules, the core-excited state is anti-bonding to
such a degree that the dissociation of the molecule will take
place on the same time-scale as the electronic Auger decay.
As a consequence, a fraction of the Auger decays occur in
fragments of molecules, or as in the case of bromomethane
in free Br atoms. It has been shown that the UFD process
remains fairly unchanged in oxygen clusters in comparison
to free molecules.7 Since oxygen clusters are bonded mainly
by van der Waals and quadrupole forces, the interaction be-
tween the constituent molecules is comparatively weak. In
the present work, we aim to study the influence of stronger
inter-molecular interactions on the UFD process. To this end,
we have performed measurements on bromomethane clusters,
which are bonded by dipole-dipole interaction as well as van
der Waals forces.

The 3d → 4a1 core excitation in molecular bro-
momethane has been the subject of several studies.2, 8–10

These investigations have been performed using near-edge
X-ray absorption fine structure (NEXAFS) spectroscopy and
resonant Auger spectroscopy (RAS), and have focused on
describing the character of the core excited state. Some re-
cent studies of chloromethane, which is valence isoelec-
tronic with bromomethane, and of larger molecules such as
1-bromo-2-chloroethane, utilizing a number of experimental
techniques have shed additional light on the UFD process in
such systems.11–13 Together, these studies provide a solid un-
derstanding of the UFD process in the isolated bromomethane
molecules.

In HBr molecules, the 3d → σ* core excitation puts the
molecule in a purely repulsive state.1 The 3d → 4a1 excitation
in bromomethane involves similar orbitals, and is also highly
repulsive. The Br 3d core-hole lifetime is � 6.6 fs.14 This
time is of the same order of magnitude as the molecular dis-
sociation time in bromomethane (7.1 fs),2 thus UFD can be
observed in the RAS spectra as two overlapping Auger fea-

tures; one from the unfragmented molecules, which we des-
ignate Mu, and one from Auger decays in the atomic Br frag-
ment, designated Mf. Figure 1 shows a schematic picture of
these decay channels (left panel) and also of those in a bro-
momethane cluster, Cu, f, d (right panel). The notation in the
figure will be used throughout the following analysis.

Due to the geometric structure of bromomethane clusters,
which will be discussed in further detail together with the cal-
culations, and the high electronegativity of Br, the overall va-
lence electronic structure of the clustered molecules can be
affected.

Thus, since the 3d → 4a1 excitation is a core-to-valence
transition it too can, in principle, be strongly influenced by
clustering. We present valence photo-electron spectra (UPS)
of the 2e state, X-ray photo-electron spectra (XPS) of the Br
3d level, as well as NEXAFS and RAS spectra where 3d →
4a1 excitation has been performed over a range of energies.
We performed experiments for both the molecule and for two
different cluster sizes. The measurements of the molecular
spectra give access to accurate energy calibration and are a
necessary reference when analyzing the cluster spectra.

II. EXPERIMENTAL

The experiments were carried out at the undulator beam-
line I411 at the MAX-laboratory in Lund, Sweden.15, 16 This
beamline is designed to accommodate high-pressure experi-
ments, and is equipped with a hemispherical Scienta R4000
electron energy analyzer for photo-electron spectroscopy.
Clusters were produced by adiabatic expansion in a super-
sonic jet cluster source.17 A reservoir of liquid bromomethane
was connected to the gas inlet system. The vapor of the liq-
uid, with a partial pressure of about 1.9 bars at room tem-
perature, was let directly into the stagnation volume of the
cluster source. In the source, the gas was expanded from the
stagnation volume through a conical nozzle of 150 μm di-
ameter, with a total opening angle of 20◦ into the expansion
volume. The pressure in the latter volume was kept at around
10−3 mbar throughout the experiments. The cluster beam was

0021-9606/2014/141(22)/224305/7/$30.00 © 2014 AIP Publishing LLC141, 224305-1
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FIG. 1. Schematic picture of the resonant Auger decay pathways in the free
molecule (left) and in the cluster (right). Mu represents Auger decay in the
unfragmented free molecule, Mf represents decay in the free atomic fragment.
The pathways designated by C represents decays taking place in clusters as
follows: Cu is Auger decay in the unfragmented molecule, Cf is decay in the
atomic fragment, and Cd is a new pathway that can open up due to cluster
effects.

skimmed between the expansion volume and the analyzer
chamber, enabling a pressure of 10−6 mbar to be maintained
in the analyzer chamber.

The mean size in the cluster beam was controlled by
altering the nozzle temperature by using electrical heating.
Three temperatures were used to produce different experi-
mental conditions. At 70 ◦C, a purely molecular beam was
formed. This was used for calibration of the cluster spectra,
and to obtain molecular reference spectra. Room temperature
(� 20 ◦C) was used to produce large clusters. The size of these
clusters corresponds, roughly, to the one used in Ref. 18, i.e.,
several hundred molecules per cluster. For the smaller size, a
temperature of � 40 ◦C was used. XPS spectra were obtained
at the different conditions to ensure that the size difference
was appreciable between the two cases in a quantitative way.
The bromomethane gas was commercially obtained (Fluka,
≥ 99.5% purity). In the UPS and RAS spectra, the experimen-
tal resolution was � 50 meV and in the XPS spectra, it was
� 40 meV. The NEXAFS spectra were acquired using the par-
tial electron yield (PEY) technique, collecting all electrons
with a binding energy in the range of 5-45 eV. All spectra
were recorded with the electron spectrometer at an angle of
54.7◦ to the light polarization plane, the so-called magic an-
gle, to avoid angle dependent effects.

III. CALCULATIONS

To assist with the interpretation of the recorded spec-
tra, we have performed calculations using the Gaussian 0319

quantum chemistry software package. We employed second
order Møller-Plesset perturbation theory (MP2) with a cc-
PVDZ basis set and the LANL220 effective core potentials
during all calculations. A calculation of a realistically sized
cluster is not possible at this level of theory. However, bro-
momethane molecules are known to stack with Pnma symme-
try in clusters,18 putting the Br ends of several molecules close
to methyl groups of neighboring ones, and vice versa, and
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FIG. 2. Iso-surfaces of the HOMO and LUMO in the three dimer geometries.
The HOMO probability density is spread over both the constituent molecules
except in the linear geometry, and the LUMO is delocalized in all three cases.

linearly in solids at low temperatures. If one can find trends
in smaller bromomethane systems with similar geometries,
it is reasonable to extrapolate these trends to larger clusters.
To this end, we performed geometry optimization and elec-
tronic ground state calculations on bromomethane dimers in
the three different configurations (head-to-tail, head-to-head,
and linear) that the free dimer can attain.21

Figure 2 shows iso-surfaces for the highest occupied
molecular orbitals (HOMO) as well as the lowest unoccupied
molecular orbitals (LUMO) in the three dimer geometries.

It can be seen that for head-to-tail and head-to-head ge-
ometry, the 2e-derived HOMO orbitals as well as the LUMO
are delocalized over the dimer. For the linear geometry, the
unoccupied orbitals are delocalized. Since the Pnma stacking
is similar to these geometries, we conclude that the LUMO in
bromomethane clusters is probably also delocalized. Further
evidence of valence delocalization is offered by the XPS and
UPS spectra of bromomethane clusters presented in Sec. IV.

IV. XPS AND UPS

To be able to quantify if the valence states in bro-
momethane clusters are delocalized or not, we compare the
XPS and UPS spectra from both cluster sizes. The Br 3d
XPS line shapes of the clusters were analyzed by applying
a Gaussian convolution to the molecular envelope. This was
done to take “cluster specific” effects (inter-molecular vibra-
tions, scattering, size distribution, etc.) into account. Figure 3
shows the XPS spectra and fits. For small clusters, the FWHM
of the Gaussian was �Gs = 0.52 eV, whereas for the larger
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FIG. 3. The Br 3d XPS spectra of large clusters (top), small clusters (bot-
tom). The dotted lines represent experimental data, the red lines are the fitted
molecular spectrum, and the shaded areas represent the fitted cluster spectra.
The screening shifts �El, s are displayed as measured through the fits.

ones it was �Gl = 0.57 eV. The cluster features were also
shifted towards a lower binding energy due to polarization
screening;22 this shift was �Es = 0.72 eV and �El = 0.81
eV, respectively. Since XPS probes core levels, which are
localized to individual atoms, and UPS probes valence lev-
els, a comparison between the binding energy shifts and line
broadenings in these two spectroscopies can yield informa-
tion about whether the valence states are localized, as in the
case of oxygen clusters,23 or delocalized, as is the case for
rare gas24 and water25 clusters.

Figure 4 shows the UPS spectrum of large bromomethane
clusters. The outermost orbital in bromomethane is the lone-
pair 2e orbital, with a very distinct doublet and vibrational
structure in the molecule. Provided this orbital is localized
to individual molecules, the cluster feature can be fitted us-
ing the molecular line-shape, convolved with �Gl, and shifted
by �El. This method was successfully applied in Ref. 23 to
describe the outermost valence state in oxygen clusters, and
oxygen doped argon clusters.

These fit parameters cannot, however, describe the clus-
ter feature well in the bromomethane case. While the shift
remains �El, a significant increase in line-width in compari-
son to �Gl is observed; �GV,l = 0.91 eV was measured. The
same trend was found to hold for the smaller cluster size,
where �GV,s = 0.83 eV was found to produce an accurate
fit. These values are roughly 0.3 eV larger than for the XPS
lines, and can be explained neither by the difference in exper-
imental resolution (�10 meV), nor by the “cluster specific”
broadening.

It has been shown that similar broadening of valence fea-
tures in rare gas clusters stems from the onset of band for-
mation (i.e., charge delocalization)24 while in H-bonded wa-
ter clusters, such a broadening is attributed to a combination
of charge delocalization and large geometrical differences be-
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FIG. 4. The UPS spectrum of outermost (2e) valence orbital in the bro-
momethane (red line), and the states in the cluster that are derived from this
orbital (shaded blue area).

tween the initial state and ionic final state.25 In the latter case,
the authors observe a large (0.5–0.6 eV) discrepancy between
the feature shifts in UPS and XPS spectra, while in the present
work, no such difference is observed. This, and the fact that
the bonding of the bromomethane clusters is closer in strength
and structure to that of van der Waals bonded clusters like
oxygen and rare gases, leads us to believe that the main con-
tributing factor in the present case is the formation of a band
consisting of the many quasi-degenerate 2e-orbitals of the in-
dividual bromomethane molecules.

Further support for this picture is lent by the fact that the
largest splitting between the 2e derived molecular orbitals is
roughly 0.2 eV. In a simple picture, this splitting can be treated
as a lower limit to the valence band width in the clusters, and
can account for much of the additional broadening observed
in the UPS spectra. Together with the calculated delocaliza-
tion of the dimer valence states, this is compelling evidence
that the outermost valence state in bromomethane clusters is,
indeed, delocalized. In Secs. V–VII, we investigate to what
extent such initial state effects affect the UFD process.

V. NEXAFS

The first step in the UFD process is the core-excitation, in
this case induced by X-ray absorption. We characterized the
absorption spectrum by using NEXAFS. Figure 5 shows the
NEXAFS spectra of the bromomethane molecules and large
clusters (the molecular contribution to the cluster spectrum
is roughly 30%). The kinetic energy window was sufficiently
large as to collect all the main resonant Auger features. The
spectra have been overlaid, to highlight that within experi-
mental accuracy, there is no difference in the shape of the
spectral features. This is in contrast to what is most often ob-
served for clustered molecules, where broadening and shifts
are prominent in core-to-valence absorption features.7, 26 The
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FIG. 5. The Bromomethane 3d → 4a1 NEXAFS spectra of the molecule
(dotted, brown) and the cluster (solid, green), overlaid. In addition, the two
spin-orbit components are shown (shaded areas) as well as the excitation en-
ergies used in this work (arrows).

spectral envelope consists of two assignable features, namely,
the 3d5/2 and 3d3/2 spin-orbit components.2 The spin-orbit
splitting was determined to be �ESO = 1.0 eV.

VI. BROMOMETHANE RAS

In order to investigate the UFD process in bromomethane
clusters, we recorded resonant Auger spectra over a range of
excitation energies (cf. Fig. 5). Figure 6 shows the molecu-
lar RAS spectrum, obtained from the same sample beam as
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FIG. 6. Molecular RAS spectra at five different excitation energies. The solid
lines below each spectrum represent the atomic fragment features (Mf; 3d3/2→4a1 in red, 3d5/2 →4a1 in orange). The shaded areas represent features
that can be assigned to Auger decay in the unfragmented molecules (Mu) and
to recoil and scattering effects. The green lines show the sum of the fit curves.

the cluster spectra. They match previously reported spectra2, 8

well. The atomic fragment features from UFD (decay channel
Mf) are clearly visible.

The spectra presented in this work are significantly bet-
ter resolved than those previously published, and thus ad-
ditional structure can be observed in the spectral features.
We assign these extra features to Auger decay in the unfrag-
mented molecule (decay channel Mu; a more detailed analysis
using ab initio calculations to properly assign the spectrum is
beyond the scope of this work) as well as to various recoil
and scattering effects that have been shown to affect photoe-
mission line-shapes in general.27 In the molecular RAS spec-
tra, the feature shift between the two spin-orbit components
matches the spin-orbit splitting determined from NEXAFS
very well. The relative intensity between the multiplet fea-
tures 1D and 3P (1S is hard to observe, since it overlaps with
other spectral features) stemming from the atomic fragments
can also be seen to vary between the two spin-orbit compo-
nents. This variation could be due to interference effects,28 but
is impossible to unambiguously assign without further theo-
retical treatment.

In order to evaluate the RAS spectra from the clusters,
the line-shape analysis was performed with the same method-
ology as is commonly used when analyzing cluster XPS spec-
tra. This approach was shown to work well in the case of
oxygen clusters.7 Thus, we assume that one can model the
cluster line-shapes using the molecular features, shifting them
down in binding energy (up in kinetic energy) an amount cor-
responding to the polarization screening of the final state ion,
and applying a Gaussian broadening to take the “cluster spe-
cific” effects into account. This is possible, since the polar-
ization screening depends on the charge of the final state ion
and the polarizability of the surrounding medium.22 Because
the final states in resonant Auger processes, as in XPS, are
singly charged, a good agreement is expected between the
RAS shifts and the XPS shifts for the corresponding cluster
sizes.

Figure 7 shows RAS spectra of small clusters excited at
the same energies as the molecular spectra. It seems that the
shift-and-broadening model produces a reasonable fit to the
experimental data. We omit the 71.0 eV excitation energy be-
cause the many overlapping cluster and molecular features
makes the fit less reliable.

For the small cluster size, a binding energy shift of 0.72
eV (see Figure 3) was used, consistent with what was mea-
sured in XPS. The cluster line-shapes were convolved with a
0.2 eV Gaussian to take “cluster specific” effects into account.
Relative intensities between molecular and cluster compo-
nents were free parameters in the fits.

Figure 8 shows similar spectra for the larger cluster size.
The fitting procedure was conducted in the same way, except
for the fact that the binding energy shift used was 0.81 eV,
which was the value that was extracted from the correspond-
ing XPS spectrum (see Figure 3). Also in this case, we omit
the 71.0 eV excitation energy due to the ambiguities intro-
duced by overlapping spectral features. It should be noted that
the fit does not reproduce the spectra for large clusters as well
as for small clusters; this might be due to an increase of elas-
tic scattering and/or recoil effects, as well as attenuation of the
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FIG. 7. RAS spectra for small clusters. The excitation energy is given for
each spectrum. The two top-most spectra were excited from the 3d3/2 spin-
orbit component, whereas the bottom two spectra were excited from the 3d5/2
component. The middle spectrum was excited where the mixing between the
two components was at its maximum. Experimental spectra (black), Mf (pale
red, orange), Mu (pale blue), Cf (yellow, light green), as well as Cu (blue) are
plotted as extracted from the line-shape fitting. The green line is the sum of all
fit components and the dashed line represents the background, incorporated
to reduce fringe effects.
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FIG. 8. RAS spectra for large clusters. The excitation energy is given for
each spectrum. The two top-most spectra were excited from the 3d3/2 spin-
orbit component, whereas the bottom two spectra were excited from the 3d5/2
component. The middle spectrum was excited where the mixing between the
two components was at its maximum. Experimental spectra (black), Mf (pale
red, orange), Mu (pale blue), Cf (yellow, light green), as well as Cu (blue) are
plotted as extracted from the line-shape fitting. The green line is the sum of all
fit components and the dashed line represents the background, incorporated
to reduce fringe effects.

TABLE I. The ratios between decays in the atomic fragment and in the un-
fragmented molecule for free molecules, small clusters and large clusters.
The value for the free molecule matched also what was found for the molec-
ular residue in the cluster spectra. All ratios are given with a precision of
±0.2.

hν (eV) RM
f

/M
u

RC
f

/C
u
,small

RC
f

/C
u
,large

70.2 2.2 1.2 1.5
70.6 1.6 1.1 1.4
71.4 1.1 0.4 0.6
71.8 1.1 0.5 0.8

outgoing Auger electron by the surrounding cluster. Nonethe-
less, the deviations are small enough that the previously em-
ployed fitting model was deemed sufficient for the analysis.

To be able to quantify differences between the two ex-
citations, between molecules and clusters, and between the
separate sizes of clusters, we investigate a number of ratios
between the fit components. We define NX as the number of
decays occurring through channel X (measured through inte-
grated area of the fit components), and the ratio RX/Y, i.e., the
ratio between decays in channels X and Y, as

RX/Y = NX

NY

. (1)

Finally, we define Rsum, that is the total ratio between decays
visible in the cluster and the free molecule, as

Rsum =
NC

u
+ NC

f

NM
u
+ NM

f

. (2)

The relevant ratios can be found in Tables I–III. Due to
the relatively low signal-to-noise ratio of the RAS spectra,
the fragmentation ratios can only be given with a precision of
±0.2, which corresponds to an error bar of roughly to 10%-
20%. It can be seen from the values in Table I that within
this accuracy, the ratios for each energy point vary only lit-
tle between the cluster sizes. In both molecular and cluster
cases, the ratios are significantly higher for the 3d5/2 → a1
excitation than for the 3d3/2 → a1 one. From this, we draw
the conclusion that for clusters in this size range, there are no
large variations with size in the branching ratios. However,
there is a marked difference between the branching ratios of
free molecules and molecules in a cluster; i.e., RC

f
/C

u
is con-

sistently smaller than RM
f
/M

u
, indicating that the UFD decay

channel is suppressed in the clusters.

TABLE II. Ratios between the atomic decays in small clusters and free
molecules, between molecular decays in small clusters and free molecules
and between the total amount of decays in small clusters and free molecules.
All ratios are given with a precision of ±0.2.

hν (eV) RC
f

/M
f

,small
RC

u
/M

u
,small

Rsum, small

70.2 0.4 0.7 0.5
70.6 0.4 0.7 0.5
71.4 0.2 0.3 0.2
71.8 0.3 0.4 0.3
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TABLE III. Ratios between the atomic decays in large clusters and free
molecules, between molecular decays in large clusters and free molecules
and between the total amount of decays in large clusters and free molecules.
All ratios are given with a precision of ±0.2.

hν (eV) RC
f

/M
f

,large
RC

u
/M

u
,large

Rsum, large

70.2 0.6 1.3 0.8
70.6 0.7 1.2 0.8
71.4 0.2 0.4 0.4
71.8 0.5 0.5 0.6

Tables II and III show another set of ratios, from small
and large clusters, respectively, where the individual decay
channels for each cluster size are compared as well as the to-
tal number of decays within a cluster size as compared to the
total number in the free molecules. The first observation from
these ratios is that the number of fragment decays in clus-
ters is smaller than the number of fragment decays in the free
molecule, while the number of decays in the unfragmented
molecule actually increases in the large clusters as compared
to the free molecule. This indicates that there is an effect that
reduces the dissociative character of the excited state in clus-
ters. Also, it can be readily seen, when comparing the spec-
tra in the Figures 7 and 8, that the cluster features are more
prominent for larger clusters. This is expected, since the de-
gree of condensation in the cluster beam is higher in the case
of large clusters, thus there will be less molecular residue and
more clusters. This is also confirmed by the values Rsum, small
and Rsum, large; the ratio of decays in the clusters as compared
to free molecules is almost twice as high in the case of large
clusters.

For neither cluster size, the ratios in the RAS spectra
match those of the their XPS counterparts; RXPS, small = 1.0
as compared to R̄sum,small = 0.4 and RXPS, large = 1.7 as com-
pared to R̄sum,large = 0.7. Thus, the total intensity ratio be-
tween Auger decays in clusters and Auger decays in free
molecules are less than 50% of the ratio of ionization events
seen in molecular and cluster XPS, both for small and large
clusters. We do not believe that cross-section changes be-
tween the clustered and the free molecules or differences in
the mean-free path of the photo- and Auger electrons can ac-
count for this large difference. Instead, we attribute this to an-
other, cluster specific decay channel in the cluster RAS, Cd.
This is also supported by the differences in the branching ra-
tios listed in Tables II and III, and by the somewhat surprising
fact that the screened fragment decay to free fragment decay
ratios (RC

f
/M

f
,small and RC

f
/M

f
,large) and the screened unfrag-

mented molecule to the free molecule ratios (RC
u
/M

u
,small and

RC
u
/M

u
,large) change drastically between the two spin-orbit

excitations. This is unexpected, since the NEXAFS spectrum
looks similar for the cluster and the molecule, and since the
two spin-orbit components have approximately equal absorp-
tion intensity in the cluster NEXAFS. A reasonable explana-
tion for this behavior would be that the spectral intensity is
redistributed to Auger features inside the PEY energy range,
but far away enough from the atomic RAS features as not to
be detected in our spectra.

VII. DISCUSSION

We have measured the UPS, XPS, NEXAFS, and RAS
spectra of bromomethane molecules and different size clus-
ters. The polarization screening from a singly charged ion
found in the XPS matches what is found also in the RAS
and UPS spectra. The ratio between decays in the clusters
and free molecules, extracted from the XPS and RAS spec-
tra, show that the amount of fragment decays inside clusters is
significantly lower in clusters than in free molecules. At first
glance, this is puzzling, since the NEXAFS spectra associated
with the 3d → 4a1 transitions are virtually identical between
clusters and molecules. Such a discrepancy can have several
possible explanations. Luckily, it is possible to rule some of
these possibilities out a priori.

The first such possibility is fragment cage-exit, which
would mean that the photo-fragment moves outside of the
cluster before the Auger decay takes place. Since the mean
flight distance of a Br fragment before a decay occurs is 0.08
Å and the radius of the cluster is several Å, it is straightfor-
ward to see that this cannot be a main contributing factor. Re-
capture of the Auger electron can also be ruled out, since the
measured kinetic energy is around 50 eV, and scattering ef-
fects would not preferentially suppress one of the spin-orbit
components.

Instead, due to the strong support yielded by the exper-
iment and theory for the assumption that both the HOMO
and LUMO of CH3Br clusters are, to an extent, delocal-
ized over the clusters, we propose that the observed de-
crease in fragment decays inside the clusters, as compared
to the free molecules, is mainly due to a delocalization of
the intermediate state electron. After photo-excitation, the
delocalized nature of the LUMO facilitates charge transfer,
away from the molecule where the core hole is located.
This lessens the dissociative character of the excited state,
and presumably leads to a redistribution of decays to nor-
mal Auger channels present only in the clusters (Cd), leav-
ing the NEXAFS spectra unchanged. Unfortunately, the re-
distributed intensity is too small to be readily detected in a
wide-range normal Auger spectrum with our experimental
setup.

The change in chemical environment and symmetry in-
duced by clustering can also affect the molecular field split-
ting of the Br 3d component in the initial state. Such effects
are known to influence the relative intensities of the molec-
ular field splitting components in other molecules strongly,
and can potentially explain the intensity variation between
the 3d3/2 and 3d5/2 components. Together, these two effects
account for the, at a first glance, contradictory experimental
observations.

Future studies of this and similar systems would ben-
efit greatly from more complex ab initio studies of larger
molecular clusters, both in the ground and in the core excited
state. We encourage further initiatives in this direction. This
work highlights the importance of understanding how differ-
ent bonding mechanisms in molecular clusters leads to differ-
ent behavior of their excited states, something that might play
a key role in, for example, environmental and atmospheric
chemistry.
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