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The way in which an ionized, isolated molecule releases its
stress depends on the vacancy created. Having lost an outer-
valence electron, the molecule changes its geometry to adjust
to a new charge distribution. If a deeper, inner-valence
electron is removed, the system may also relax through
emitting a photon. Ionization of a core electron is usually
followed by fast Auger decay. The presence of a chemical
environment around the ionized system modifies these
relaxation processes. Particularly large changes may occur
after ionization from an inner-valence shell when a relaxation
pathway much faster than photon emission may become
operative, namely intermolecular Coulombic decay (ICD).!"
ICD is an electronic decay in which the energy released upon
refilling the initial inner-valence vacancy by an outer-valence
electron from the same molecule is transferred efficiently,
typically on a femtosecond [107"°s] timescale, to the sur-
rounding environment causing its ionization (see Figure 1).
Because of its intermolecular character, ICD represents a
very sensitive tool to probe the environment.*! Controll-
ability through environmental changes can make this process
even more valuable. The ability to enhance ICD in a
controlled manner, to quench competing mechanisms, or to
reduce it and even switch it off on demand to avoid possible
negative consequences might be of great practical impor-
tance, especially in chemical and biological processes. For
example, as a process feasible in water,*! TCD brings a certain
threat for hydrated substances, specifically for biomolecules,
which can be damaged by low-energy electrons or water
radical cations produced in this electronic decay®™” so that a
regulation of ICD could be essential in this case. Herein we
show that protonation or deprotonation of the system under
study exerts a profound impact on ICD and suggest changes
in the environmental pH value as an appropriate means to
control this decay process.

We consider ammonia dimers and trimers as well as their
protonated and deprotonated counterparts as proof-of-prin-
ciple systems. The convenience of such small clusters is that
the effect of protons is sharply defined. The trimers give
valuable insight into how electronic decay pathways change
with increasing cluster size. Furthermore, the trimers can be
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Figure 1. Schematic representation of intermolecular Coulombic decay.
After ionization of an inner-valence electron (top), the created vacancy
is filled by an outer-valence electron of the same molecule. The energy
released is transferred to a neighboring molecule causing the ioniza-
tion of its outer-valence electron (bottom). The autoionization of the
initially ionized molecule by the released energy (intramolecular
electronic decay) is forbidden energetically. ov denotes outer-valence,
iv inner-valence, and ET energy transfer.

considered as prototype systems in which a solute molecule
has normal and protonated/deprotonated solvent molecules
simultaneously in its neighborhood. What also counts is that
dimers and trimers allow for an accurate theoretical treat-
ment and an experimental verification of our findings should
not involve difficulties.®! Ammonia is chosen for two reasons.
Curiosity is one of them. Ammonia has very unusual proper-
ties giving rise to interesting chemistry and as a solvent, it is
perhaps more versatile than water (see for example, the
Review, Ref. [9]). In spite of the widely recognized signifi-
cance of ammonia, ICD in this system has never been studied.
The second, more important reason is the possibility to
protonate/deprotonate ammonia clusters to allow investigat-
ing, theoretically and experimentally, the response of ICD to
changes of pH value.

After a removal of an inner-valence electron, an isolated
NH; molecule, like many other molecules, cannot relax by
emitting another electron for energetic reasons. In contrast,
both the H-donor and H-acceptor molecules in the ammonia
dimer can decay electronically after inner-valence ionization.
This possibility can be inferred from the middle panel of
Figure 2 showing that the respective singly ionized states lie
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Figure 2. Calculated single-ionization potentials (vertical lines in the
upper part of each panel) and the double-ionization thresholds (the
arrow in the lower part of each panel) of the protonated (top),

normal (middle), and deprotonated (bottom) ammonia dimers. The
thin vertical lines at low energies correspond to ionization out of the
outer-valence molecular orbitals. The thick vertical lines at higher
energies describe ionization out of the inner-valence molecular orbi-
tals. Colors of the vertical lines correspond to the types of the
molecules in the dimers (see inset molecular structures, gray H, blue,
green, or red N). Colors of the arrows specify different distributions of
the two holes in the double-ionization thresholds: one hole on the
ammonia molecule and one on the amide anion (yellow), two holes on
different ammonia molecules (black), one hole on the ammonia
molecule and one on the ammonium cation (magenta). Note the
effect of protonation and deprotonation on the absolute and relative
energies of the singly ionized states and double-ionization thresholds.

more than 2 eV above the double ionization threshold. The
onset of double ionization starts with the nearly degenerate
singlet and triplet dicationic states where two outer-valence
3a, electrons are removed, each from a different ammonia
molecule. The population of these states through electronic
decay is possible only by the ICD mechanism, namely an
inner-valence 2a; vacancy is occupied by a 3a, electron from
the same molecule and a 3a; electron of the neighboring
molecule is ionized. Note that the above two dicationic states
are the only ones which are energetically below the inner-
valence single-ionization potentials (see Supporting Informa-
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tion). Note that the ammonia dimer is a “floppy” system and
has several low energy isomers. We have checked that ICD
operates in these isomers as well.

A similar picture holds for the ammonia trimer. All its
three nearly degenerate inner-valence ionized main states can
undergo intermolecular electronic decay as seen from the
middle panel of Figure 3. Because each ammonia molecule

Ionic Levels
C

1 1 1 L 1 1 1 1 1 I

0 S 10 15 20 25 30 35 40 45
Energy / eV

Figure 3. The same as in Figure 2 but for the ammonia trimers. Note
that ICD is not possible in the protonated trimer (see text).

now has two neighbors, the number of available ICD channels
for each inner-valence vacancy doubles and the respective
ICD rate is roughly twice as large as the ICD rate of either
monomer in the ammonia dimer.!"”

Much less effort is needed to detach electrons from the
deprotonated systems. As seen from the bottom panels in
Figure 2 and Figure 3, the single- and double-ionization
potentials of the deprotonated dimers and trimers are notice-
ably lower than those of the normal clusters. Remarkably, the
inner-valence vacancy of any ammonia molecule in the
deprotonated clusters now has plenty of new open decay
channels at its disposal (see Supporting Information) so that
electronic decay of this vacancy speeds up considerably
compared to the normal clusters.
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Deprotonation has another, and
perhaps the most striking consequence.
Owing to the unique electronic struc-
ture of the deprotonated ammonia
clusters, ICD can start in them by
applying a rather low energy. Actually,
this process can even be initiated by the
withdrawal of an outer-valence le elec-
tron from NH; (see the states slightly
above 10 eV in Figure 2 and 3), making -
the deprotonated ammonia clusters the
first systems for which the feasibility of
ICD in the outer-valence regime has
been discovered. In contrast to ICD
after inner-valence ionization, the
outer-valence type ICD found in this
case is rather sensitive to geometry
changes, because the double-ionization SIP
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threshold is relatively close to the
outer-valence leionization energy, in
particular, it is no longer operative in a
Zundel-type deprotonated dimer with
a shorter intermolecular distance. Note
that the ionization of the le orbital in
an isolated NH; molecule is most likely
to be followed by a very fast internal
conversion which brings the system into
the ground cationic state through a
conical intersection.!"'! The appearance
of the outer-valence type ICD as a
competing process in the deprotonated
ammonia clusters makes the whole
story of ionizing ammonia even more intriguing.

Protonation has the opposite effect on the ammonia
clusters than deprotonation. As seen from the top panels of
Figure 2 and Figure 3, the single- and double-ionization
potentials of the protonated clusters are remarkably higher
than those of the normal ones. The double-ionization thresh-
old of the dimer is subject to a particularly strong energy
enhancement. Apparently, neither the ammonia molecule nor
the ammonium cation in the dimer can undergo ICD after
inner-valence ionization. Protonation switches ICD off!

Although the increase of the double ionization threshold
in the trimer as a result of protonation is not as significant as
in the dimer, protonation prohibits ICD in the trimer as well.
Figure 3 suggests however that the inner-valence ionized
ammonium cation in the trimer can, in principle relax, as its
energy is above the double-ionization threshold. This thresh-
old corresponds to the two outer-valence ionized neighboring
ammonia molecules and thus the process in question is not
ICD. It is rather the so-called electron-transfer mediated
decay (ETMD)!" which is associated with an intermolecular
electron transfer and as such is much less efficient than ICD
and not of central relevance in the present context. The
schematic representation of the ETMD process is shown in
Figure S3 of the Supporting Information.

In conclusion, we have demonstrated that deprotonation
and protonation have a great impact on the intermolecular
Coulombic decay. A proton withdrawal accelerates ICD while

protonation.
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Figure 4. Impact of protonation/deprotonation on the intermolecular Coulombic decay (ICD).
Bottom: schematic representation of single-ionization potentials (SIP) and double-ionization
potentials (DIP) of a deprotonated (left), normal (center), and protonated cluster (right). The
SIPs and DIPs of the deprotonated cluster are noticeably smaller than those of the normal
cluster. The appearance of additional decay channels in the deprotonated cluster enhances the
ICD efficiency. The SIPs and DIPs are largest in the protonated cluster. If the double-ionization
onset happens to lie above the SIP, then ICD terminates. Top: not only the ICD efficiency but
also the energy transferred (ET) from one molecule to another in the course of ICD as well as
the kinetic energy of the outgoing ICD electron are strongly influenced by pHvalue. Both these
energies have larger values at lower pH values. At higher pH values, when ICD is terminated, no
energy transfer can occur, as indicated by the “no entry” symbol between the molecules after

adding a proton inhibits this decay process substantially,
sometimes up to its complete termination, as depicted in
Figure 4. The discovered sensitivity of ICD is of importance
since it makes ICD controllable through one of the most
convenient environmental factors, namely pH value.

Experimental Section

Methods: The geometries of the clusters have been optimized using
the second-order Mgller—Plesset theory. Computations of the single-
and double-ionization spectra have been performed using propagator
methods within the so-called algebraic diagrammatic construction
(ADC) schemes.['*'] The non-Dyson third-order ADC scheme (nD-
ADC(3))!™! developed for the one-particle propagator were
employed to calculate the ionization potentials and intensities of
the singly ionized states while the double-ionization potentials and
intensities of the doubly ionized states were calculated by means of
the second-order ADC(2)!"*!?l method developed for the particle-
particle propagator. The augmented cc-pVTZ basis sets!'”! were used
in all the computations.
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