
 

Microscopic Insight into Electron-Induced Dissociation of Aromatic Molecules on Ice
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We use scanning tunneling microscopy, photoelectron spectroscopy, and ab initio calculations to
investigate the electron-induced dissociation of halogenated benzene molecules adsorbed on ice.
Dissociation of halobenzene is triggered by delocalized excess electrons attaching to the π� orbitals of
the halobenzenes from where they are transferred to σ� orbitals. The latter orbitals provide a dissociative
potential surface. Adsorption on ice sufficiently lowers the energy barrier for the transfer between the
orbitals to facilitate dissociation of bromo- and chloro- but not of flourobenzene at cryogenic temperatures.
Our results shed light on the influence of environmentally important ice particles on the reactivity of
halogenated aromatic molecules.
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Photo-induced dissociation of gas phase molecules [1] is
substantially enhanced on water-ice particles [2]. This
reaction is highly relevant for atmospheric chemistry
[3,4], which often proceeds on ice-covered dust particles.
By this reaction, dissociation of halogen containing organic
compounds has a large environmental relevance due to the
release of radicals [5], e.g., chlorine and bromine that
impact hydrocarbon, ozone, and cloud concentrations in the
atmosphere.
Organic compounds adsorb on ice surfaces via their

interaction with dangling OH groups that are not engaged
in ice related hydrogen bonding [6]. Such an adsorption
leads to a measurable shift of the optical absorption
spectrum for a variety of organic pollutants [5]. Electron
attachment to molecules adsorbed on solid substrates
mediates chemical reactions via the formation of transient
ions. Thus, photoexcited excess electrons may dissociate
the adsorbed molecules [7]. In the atmosphere, these
electrons originate either from an impact of high energy
particles with ice [2] or from sunlight induced photo-
excitation of in-gap states in doped ice [8]. The electrons
may exist in ice in two forms: either delocalized or
localized as so-called solvated electrons [9,10] (Fig. 1).
Despite the relevance of such processes in environmental
and atmospheric science, they remain poorly understood.
A dependence of reaction rate on the environment was

shown for haloalkanes adsorbed on various substrates
[2,11–14]. A coadsorption with molecules such as water
or methanol evidenced cooperative effects among the polar
molecules [14,15], though not yet giving microscopic
insights. In this class of adsorbed molecules, barrierless

dissociation is induced by an electron injected into a σ�
antibonding orbital [13]. It was demonstrated that inter-
actions with its surroundings influences the orbital [16].
What remains open, even in this rather simple case, is how
far these various couplings of molecule, substrate and
electronic interaction among the constituents compete or
cooperate in the dissociation process itself.
The potential landscape provided by antibonding orbitals

is not always as simple as the one of haloalkanes. Electron-
induced reactions were studied for wider and more complex
classes of molecules in the gas phase. For haloarene
molecules, where a halogen is directly bound to an
aromatic ring, the electron is attached initially to a non-
dissociative potential surface and is transferred sub-
sequently to the dissociative one [17]. However, such
molecules were studied only rarely after adsorption at
the microscopic level [18,19]. Moreover, the influence of
the environment on the reaction mechanism remains rather
unexplored at this scale.
In this Letter we reveal the elementary steps leading to

the dissociation of halobenzene adsorbed on ice
(C6H5X=D2O with X ¼ F, Cl, Br) after electron attach-
ment. We demonstrate that hot electrons, excited by ultra-
violet light in a Cu(111) electrode, propagate in Bloch-like
states through adsorbed D2O clusters untill they attach to
the π� antibonding orbitals of the halobenzene, from where
they transfer to the dissociative σ� orbital. The interaction
of the halobenzenes with the water molecules determines
the dissociation yield. On a broader range, our results
give physical insight into the influence of hydration on
reactivity.
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We arrive at these conclusions by developing and
verifying a model, shown in Fig. 1, to describe the
interaction of adsorbed molecules with photoexcited excess
electrons at the ice surface. It is based on photoexcitation
and photoinjection of hot electrons into the ice conduction
band, where the electron could either localize and form
solvated electrons e−s (e.g., [9,10,20–24]) or propagate in
Bloch-like or presolvated states [13,14]. Subsequently, the
electrons can attach to individual molecules and induce
dissociation according to

C6H5X þ e− ↔ C6H5X�− ↔ C6H5 þ X−: ð1Þ

Our model provides a microscopic understanding how
ice enhances halobenzene dissociation. We employ the
complementary methods of scanning tunneling microscopy
(STM), two-photon photoelectron spectroscopy (2PPE),
and ab initio theory to substantiate our model.
For modeling we employ density functional theory

(DFT) with semilocal (PBE) and hybrid (PBE0) functionals
as well as many body perturbation theory (GWand BSE) as
implemented in the VASP package (cf. [25]) to address
structural, electronic, and photophysical properties of the
adsorbate-ice system. Details on the realization of the ice
surface and the different levels of theory are given in the
Supplemental Material [26].
The experiments are performed in two separate ultrahigh

vacuum chambers with comparable facilities for the prepa-
ration of surfaces and molecule deposition. After standard
cleaning cycles of Cu(111) single crystals, approximately
1 BL and 4 BL (bilayers) of amorphous ice (D2O) are
deposited at liquid nitrogen temperature, for STM and
photoemission experiments, respectively. Given in units of
a full monolayer (ML) on the bare Cu(111), approximately
0.4 ML and 1 ML of halobenzene molecules are deposited
at liquid nitrogen temperature for STM and photoemission
experiments, respectively.

For the STM experiments (at 7.5 K, 0.1 V, and 1 to
5 pA), the tunneling junction is illuminated for 10 h by a
frequency-doubled supercontinuum laser (NKT Photonics,
77.8 MHz, 10 ps, p polarized). At 326, 330, and 400 nm the
illumination fluences F are 2.3 pJ=cm2, 20 pJ=cm2, and
230 pJ=cm2, respectively.
2PPE combines photoexcitation at ultraviolet wave-

length and sensitive work function determination [41].
The experiments are performed using a Ti:sapphire laser
amplifier (Coherent RegA 9040, repetition rate: 250 kHz).
A noncollinear optical parametric amplifier generates light
at a wavelength of 327 nm in a fluence range from 0.5 to
10 μJ=cm2. The 2PPE spectrum is analyzed by an electron
time of flight spectrometer with an energy resolution of
10 meV at Ekin ¼ 1 eV [42].
The different fluences for the two different setups are

compensated by adapting the illumination times. This is a
reliable procedure because all photoinduced processes are
found to be linear in F.
We start by exploring how adsorption on ice could alter

dissociation in theory. We model the energy landscape of
the halobenzenes in the gas phase and investigate changes
induced by adsorption on an idealized ice surface and at
several surface defect sites within our ab initio approach
[26]. In the gas phase, the dissociation of halobenzenes is
initiated by the formation of a metastable transient anion
C6H5X�− via the occupation of an antibonding orbital, a
symmetric or antisymmetric π�, or a σ� orbital [Fig. 2(a)]
[1,17]. The transient ion dissociates in a barrierless manner
in the latter case. The dissociation of the halogen is
facilitated by a node of the σ� orbital located at the C-X
bond [Fig. 2(a), inset]. As this orbital is quite high in
energy, a low-energy pathway for dissociation proceeds via
the occupation of one of the π� orbitals and subsequent
transition to the σ� orbital at the conical intersection
between the π� and σ� potential energy surfaces after some
bond elongation [Figs. 1, 2(a)]. In this case, an energy
barrier EA has to be overcome. The amorphous surface, on
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FIG. 1. Model for the photo-induced electron attachment to
halobenzene (C6H5X, X ¼ F, Cl, Br): (1) injection of photo-
excited electrons into the ice conduction band, (2) electron
solvation in localized states, (3) propagation of delocalized
electrons and attachment to molecular π� orbitals, (right) generic
potential surfaces of the halobenzene, see text.
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which we perform the dissociation experiments, can be
more efficiently modeled by defects at the idealized surface
than by just an idealized surface. Furthermore, defects are
found in STM experiments to serve as anchor sites for the
halobenzene molecules at low coverage (not shown) and
thus set the environment where dissociation proceeds.
Defect sites differ from idealized surface configurations

by either missing [43] or reoriented [44] water molecules or
a combination of both, thus providing dangling OH groups
for interactions with charged particles, discussed so far as
traps for electrons. Trapping of electrons is confirmed by
our calculations, which reveals an energy gain of up to 1 eV
through the attractive interaction of the electrons with the
positive partial charges of the dangling OH groups (for
details, see Ref. [26]).
Though differing quantitatively, the calculated shift of

orbital energies at all anchor sites and the idealized ice are
qualitatively equivalent, suggesting the same for the energy
barrier. A deliberately chosen orientation defect is thus
taken below as a representative example of a strong anchor
site [27]. The adsorption of halobenzenes at such an anchor
site is favored by the same attractive interaction that
stabilizes and solvates electrons. In the present case, the
negative partial halogen charge is stabilized by the rear-
rangement of OH groups [26]. Adsorption redshifts the
antibonding orbitals of the halobenzenes into the region of
the ice conduction band edge, still being well above
solvated electron states as evidenced by the local density
of states [LDOS, Fig. 2(a)]. This redshift of the antibonding
orbitals results from the attractive interaction of the polar
molecule with the positive partial charges of the dangling
OH groups. It facilitates electron attachment and will thus
increase dissociation rates. The redshift increases along the
halogenated molecules series (C6H5X, X ¼ F, Cl, Br); i.e.,
the benzenes with halogens of larger mass and with lower
electron affinity shift the orbitals to lower energy [26].
Moreover, the activation energy to the crossing point EA is
reduced upon adsorption [45], again even more for
halogens of lower electron affinity [Fig. 2(b)]. The halo-
gen-specific reduction in energy should translate into
halogen-specific dissociation rates being larger for halo-
gens of lower electron affinity.
Our calculations reveal that the halobenzene molecules

are trapped at anchor sites with an abundance of dangling
OH groups. Thus, the same sites that solvate electrons also
anchor the polar molecules because of their partial charges.
However, solvated electrons are unable to initiate dissoci-
ation because of their positioning below the conduction
band of ice [Fig. 2(a)]. The dissociation at the anchor sites
can thus only be initiated by the electrons delocalized in the
ice conduction band [46] as sketched on the top in Fig. 1.
In order to verify this theoretical picture experimentally,

we adsorb halobenzenes onto ice nanoparticles supported
on Cu(111). The copper electrode serves as an electron
source, which allows the transferring of delocalized

electrons into the conduction band of ice upon excitation
by ultraviolet light [22]. Here we excite this system by a
photon energy below 3.8 eV, too low to photoexcite and
dissociate the molecules in the gas phase and, according to
our calculation, also at the ice surface [26]. This low energy
ensures that no direct photodissociation falsifies our mea-
surements and all processes reported below originate from
electrons transferred to the conduction band of ice.
In the STM images, the halobenzene molecules are

easily identified on the pristine Cu(111) surface as ellip-
soidal protrusions forming regular clusters [Fig. 3(a)]. On
the amorphous ice surface both, the water and the hal-
obenzene molecules appear as blue to white protrusions at
the chosen color scale in [Fig. 3(b)], as they are at the same
height. Some of the halobenzenes are easily identified as
they are imaged at a larger height than any water in the
corresponding structure, some because of their larger
diameter [marked by arrows in Fig. 3(b)]. However, more
commonly, many molecules can only be identified in
retrospect after illumination.
Illumination substantially changes the imaging of the

adsorbates on the ice surfaces [Fig. 3(c)]. Halobenzenes
are easily moved by the STM tip before illumination, but
not after illumination. The more tightly bonded species
interacts characteristically with the tip at all feasible
tunneling parameters, which leads to protrusions that are
much sharper and of larger apparent height [Fig. 3(c)].
Such species are observed after illumination with both
400 nm and 326=330 nm wavelengths for both chloroben-
zene and bromobenzene. They are neither observed
before illumination nor after illumination of the native
ice without halobenzene nor for the molecules on the
pristine Cu surface. The STM experiments thus imply that
the ice promotes a reaction that is not possible on the
pristine surface under the illumination conditions of our
measurements.
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FIG. 3. Identification of adsorption and reaction events by STM
for chlorobenzene on amorphous ice, 0.1 V, 5 pA (a), (b) before
and (c) after illumination at 5.2 × 105 photons=molecule,
326 nm; solid and dashed arrows point to adsorbed and
dissociated molecules, respectively.
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In order to prove that the observed changes are related to
dissociation, we measure the shift of the Cl(2p) orbital in
x-ray photoemission [26] as well as the work function
changeΔΦ ¼ ΦðtÞ −Φðt ¼ 0Þ induced by the illumination
of halobenzenes adsorbed on amorphous ice structures.
While the shift of Cl(2p) to higher binding energy proves
that themolecules dissociate upon illumination in agreement
with literature values [34], the work function change,
measured as the low energy cut off of the 2PPE spectrum
[Fig. 4(a)] is an indicator for the amount of halogen ions after
dissociation, because it is determined by the charge dis-
tribution along the surface normal. Indeed, the low energy
cut off shifts to higher kinetic energy with photoexposure
time [Fig. 4(a)] corresponding to a work function increase.
The relative changes for different photon energy, haloben-
zenes, and fluence are normalized to the maximum change
ΔΦmax and depicted in Fig. 4(b). Such work function
changes are not observed for halobenzenes adsorbeddirectly
on the metal surface, e.g., C6H5F=Cuð111Þ [Fig. 4(b), plus
sign], confirming the STM observation and the theoretical
prediction. Evidently, ice promotes dissociation.
Our model is further confirmed by the significant

differences in work function change along the halogen
series [Fig. 4(b)]. While, for C6H5F, a biexponential
increase in the relative work function changes with illumi-
nation time, it does not change with photon flux; we
observe flux-dependent variations for C6H5Cl and C6H5Br
at a photon energy of 3.78 eV. For these two heavier

halogens, their initial work function change is accelerated
with increasing photon flux for the larger photon energy
and the sign of change inverses at later times. The multi-
exponential fit of the time-dependent work function
(cf. [26]) gives a slow molecule-dependent rate λs after
an initial fast molecule-independent rate; the slow rate is
plotted in Fig. 4(c). Flux-independent photoinduced work
function changes in time indicate, in general, a buildup of a
photostationary state, in which for instance attachment and
detachment of electrons to the adsorbate lead to an
equilibrium density of transient ions (C6H5X�−) without
dissociation. For C6H5F, the flux dependence of the slow
rate of work function change λs is weak. We conclude that
the observation for C6H5F indicates the formation of such
transient ions only. Indeed, for fluorobenzene, the activa-
tion energy for dissociation [Fig. 2(b)] is much larger than
the thermal energy provided in the experiment, here 90 K,
such that dissociation should not take place, as observed. In
contrast, a flux dependence as observed for the two heavier
halogens suggests a permanent change of the surface. Here,
it indicates the formation of a C6H5 radical and X− and thus
dissociation. The smaller dissociation rate of chloroben-
zene as compared to bromobenzene agrees well with the
calculated trend in activation energy [Fig. 2(b)]. The
inversion of the work function change at later times is
related to the consumption of the available native halo-
benzenes by dissociation reducing the number of transient
ions. Our conclusions are verified by experiments using a
photon energy of 3.1 eV, which is too low to induce
dissociation [Fig. 2(a)], and indeed the fluence dependent
behavior of ΔΦ [Fig. 4(b)] serving as a fingerprint of
dissociation is absent. Our experimental results thus con-
firm the molecular scale picture developed above.
In conclusion, ice mediates dissociative electron attach-

ment to halogenated aryls by redshifting the active orbitals
and by lowering the activation energy at the conical
intersection between antibonding orbitals. Such a co-
operative effect on a reaction probability should be a
universal property of polar molecules and emphasizes
the active role of polar solvents in electron-induced
chemical reactions. The proposed mechanism should not
only be valid for atmospheric chemistry and astrophysics,
where the investigated ice structures exist at cryogenic
temperatures, but has further implications in fields as
diverse as electrochemistry and biology, where flexible
solvation shells of similar structure exist transiently but
long enough for an electron-induced reaction to occur.
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