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Abstract: Although the biological hazard of alpha-particle
radiation is well-recognized, the molecular mechanisms of
biodamage are still far from being understood. Irreparable
lesions in biomolecules may not only have mechanical origin
but also appear due to various electronic and nuclear
relaxation processes of ionized states produced by an alpha-
particle impact. Two such processes were identified in the
present study by considering an acetylene dimer, a biologically
relevant system possessing an intermolecular hydrogen bond.
The first process is the already well-established intermolecular
Coulombic decay of inner-valence-ionized states. The other is
a novel relaxation mechanism of dicationic states involving
intermolecular proton transfer. Both processes are very fast
and trigger Coulomb explosion of the dimer due to creation of
charge-separated states. These processes are general and
predicted to occur also in alpha-particle-irradiated nucleobase
pairs in DNA molecules.

Interaction of high-energy ionizing radiation with living cells
has often fatal consequences for the latter. Radiation-induced
DNA lesions, such as cross-links, base releases, and single and
double strand breaks, are among the most dangerous damages
that are difficult for self-repairing, causing harmful genome
mutations or cell death.[1] They may occur either through
direct interaction with ionizing radiation or indirectly through
interaction with various reactive species produced in radiol-
ysis of water molecules from the surroundings. Compared to
electromagnetic and electron beam radiations, irradiation by
alpha particles is able to deposit a much larger amount of

energy in tissue causing more severe and complex damage.[2–4]

Although most of them, about 70%, are known to happen
directly,[3] the corresponding mechanisms are still far from
complete understanding.

Together with mechanical lesions such as atomic displace-
ments, bond scissions and others, alpha-particle bombard-
ment is also able to change the electronic structure of targets
producing various singly and doubly ionized states, many of
which are highly excited. Ionic states with inner-valence
vacancies deserve special attention owing to the possibility of
intermolecular Coulombic decay (ICD),[5–8] a nonlocal elec-
tronic decay process of a system embedded in an environ-
ment.[9, 10] Since ICD may happen between biologically
relevant molecules,[11] in biomolecule–water pairs,[12, 13] or
between two water monomers,[14, 15] it contributes to both
direct and indirect damaging events. Indeed, through ICD, the
initially deposited energy is converted into a production of
a low energy electron and two cationic species[16] among
which water cations cause perhaps the biggest concern
because of their fast transformation to reactive hydroxyl
radicals. It is also noteworthy that ICD-induced charge
separation may lead to bond-breaking Coulomb explosion
of energetic fragments.[13, 14, 17] While most of the existing
experiments have been performed using electromagnetic
radiation, ICD was also identified after collisions with
charged particles such as electrons,[13, 18–20] alpha particles,[21–23]

and heavy ions.[23–25]

An important distinctive property of collisions with alpha
particles is an enhanced production of dicationic states.
Compared to photoionization where the ratio between
double and single ionization cross-sections is typically
0.01,[26] by alpha-particle irradiation in the single-electron-
capture channel this ratio increases by fifty times and
becomes 0.5.[27] In a weakly bound atomic cluster, the
common relaxation process of localized low-energy dicationic
states is radiative charge transfer (RCT), which brings the
system into charge-separated states.[19, 20, 24, 25] In molecular
aggregates, slow RCT is usually outperformed by much faster
intramolecular fragmentation given that electronic decays are
energetically forbidden. In the present study we report on
a new very efficient relaxation mechanism of localized low-
energy dicationic states in molecular systems bound by weak
hydrogen bonds that is competitive to the above processes.
Here, instead of slow electron transfer inherent to RCT, very
fast proton transfer happens between the initially doubly
ionized molecule and its neighbor. Like RCT, this process
leads to charge separation and eventually to Coulomb
explosion. As a target system in our work we used an alpha-

[*] Dr. S. Xu, Dr. D. Guo, Prof. X. Ma, Prof. X. Zhu, Dr. W. Feng, Dr. S. Yan,
D. Zhao, Dr. Y. Gao, Prof. S. Zhang
Institute of Modern Physics, Chinese Academy of Sciences
Nanchang Road 509, Lanzhou 730000 (China)
E-mail: x.ma@impcas.ac.cn

Dr. S. Xu, Prof. X. Ren, Prof. Y. Zhao, Prof. Z. Xu
School of Science, Xi’an Jiaotong University
Xianning West Road 28, Xi’an 710049 (China)

Prof. X. Ren, Priv.-Doz. Dr. A. Dorn
Max-Planck-Institut ffr Kernphysik
Saupfercheckweg 1, 69117 Heidelberg (Germany)

Prof. L. S. Cederbaum, Dr. N. V. Kryzhevoi
Theoretische Chemie, Physikalisch-Chemisches Institut
Universit-t Heidelberg
Im Neuenheimer Feld 229, 69120 Heidelberg (Germany)
E-mail: nikolai.kryzhevoi@pci.uni-heidelberg.de

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.201808898.

Angewandte
ChemieCommunications

17023Angew. Chem. Int. Ed. 2018, 57, 17023 –17027 T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/ange.201808898
http://dx.doi.org/10.1002/anie.201808898
http://orcid.org/0000-0001-9831-0565
http://orcid.org/0000-0001-9831-0565
http://orcid.org/0000-0001-6132-092X
http://orcid.org/0000-0001-6132-092X
http://orcid.org/0000-0002-2910-6664
http://orcid.org/0000-0002-2910-6664
https://doi.org/10.1002/anie.201808898


particle-irradiated dimer of simple organic acetylene mole-
cules where we identified proton transfer processes both
experimentally and theoretically. We suggest that charge
separation driven by proton transfer is a general phenomenon
in dicationic biologically relevant systems. Indeed, our
calculations indicate that it may also occur in an adenine–
thymine base pair, which is a building block of DNA.

The experiment on alpha-particle-irradiated acetylene
dimers was performed with a reaction microscope[28,29] (also
called cold target recoil ion momentum spectroscopy[30])
mounted on the 320 kV platform at the Institute of Modern
Physics, Lanzhou, China (see the Supporting Information for
more experimental details). After collision with a 200 keV
He2+ beam, dimers break into pieces, which were detected in
coincidence with scattered projectiles. Valuable insight into
different fragmentation routes can be gained by studying the
time-of-flight (TOF) coincidence map of detected ions. Sharp
tilted lines are perhaps the most distinct structures in this map
being attributed to two-body dissociation processes with
back-to-back emission of two charged fragments. One of such
structures corresponding to a dimer break-up into two singly
charged molecular fragments measured in coincidence with
a scattered He+ projectile is shown in Figure 1. Surprisingly,
apart from the C2H2

+ + C2H2
+ fragmentation channel we

found a substantial contribution of the C2H
+ + C2H3

+ channel,
indicating the occurrence of proton transfer between the
dimerQs constituents. The ratio between these two channels is
found to be 1:0.4 with the estimated uncertainty of 21 %.

Two acetylene cations C2H2
+ can potentially be produced

in ICD, RCT, or after sequential ionization (SI) of two neutral
molecules. Contrary to inner-valence ionizations of oxygen
and nitrogen atoms, which are usually able to initiate ICD,[12]

the 2s level of carbon is much shallower posing thus the
question whether ICD is energetically possible after its
ionization. To check it, we computed all relevant states in
(C2H2)2 (Figure 2). In these calculations (see the Supporting
Information for computational details) we considered an
optimized T-shaped dimer corresponding to the global-

energy-minimum geometry (shown in inset of Figure 2).
Each C2H2 has the following electronic configuration:
(core)2(core)2(2sg)

2(2su)
2(3sg)

2(1pu)
4.

The single ionization spectrum of the dimer is shown in
Figure 2a by sticks. The height of each stick corresponds to
the spectral intensity of the respective state,[31] while its color
denotes where the vacancy is created, either on the proton-
donating (C2H2

D) or the proton-accepting (C2H2
A) molecule.

In the energy region below about 25 eV there are four groups
of states ascribed to the 1pu

@1, 3sg
@1, 2su

@1, and 2sg
@1

ionization processes. None of these states can autoionize
since the double ionization threshold has a higher energy.
While the first three groups are clearly identified as the main
states because of their high spectral intensity, the situation
with the 2sg

@1 group is different. Here, a breakdown of the
quasiparticle picture of photoionization[32, 33] happens, which is
characterized by a significant (up to 58 %) intensity redis-
tribution from the main lines to satellites. Note that electron
impact ionization leads to a similar effect,[34] and we expect its
occurrence also in the alpha-particle-ionized acetylene mol-
ecules addressed in the present study. The satellites borrowing
intensity from the 2sg

@1 states are found at higher energies, in
particular two rather intense groups appear at about 27.75 and
29.75 eV. Almost all these states lie above the double
ionization threshold at 25.56 eV (Figure 2 b) and their auto-
ionization is thus feasible. Since all accessible dicationic states
are delocalized, that is, have vacancies on different molecules,
ICD is the only possible electronic decay mechanism here.

The same delocalized dicationic states can also be created
through SI of two different molecular centers in the dimer.
Like in ICD, such double ionization will be followed by
Coulomb explosion of the C2H2

+ fragments. Although ICD
and SI can hardly be separated unambiguously, we believe
that the latter is only a minor channel here. Our belief is
partially based on the estimates made in the recent electron
impact ionization experiments[13, 19] indicating that the SI

Figure 1. Time-of-flight coincidence map corresponding to the two-
body breakups of alpha-particle-irradiated acetylene dimers. The con-
tribution of the C2H

+ + C2H3
+ channel is indicated by the red oval. The

black oval contains the contribution of the C2H2
+ +C2H2

+ channel with
some admixture of the C2H

+ + C2H3
+ channel (see the Supporting

Information).

Figure 2. Computed a) single- and b) double-ionization spectra of the
T-shaped acetylene dimer (shown in inset). The height of each stick
corresponds to the spectral intensity. Ionizations of the proton-
donating (upper) and proton-accepting (lower) molecules are distin-
guished by red and green colors, respectively. Dicationic states with
vacancies on both molecules are shown in blue.
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probability is less than 20% of the ICD probability, and
partially on previous results[22–25] demonstrating that ICD
dominates in collisions with low-charge projectiles like in the
present experiment.

Unexpectedly, and in strong contrast to rare-gas clus-
ters,[19, 20, 24, 25] we found no RCT in the acetylene dimer. The
RCT peak should appear at about 4.3 eV in the kinetic energy
release (KER) spectrum (Figure 3) being attributed to the

inner turning point on the one-site localized dicationic states
at about 3.36 c. Its absence implies that acetylene dications in
the dimer, which are rather efficiently produced upon alpha-
particle impact, relax differently. One of possible relaxation
processes is intramolecular fragmentation, which has previ-
ously been extensively addressed.[35, 36] Highly excited states of
dications may relax also through ICD.[6, 7] However, this
increases the charge and, hence, does not contribute to the
two channels identified in Figure 1. Alternatively, the relax-
ation may involve very fast intermolecular proton transfer,
and the strong C2H

+ + C2H3
+ signal in the TOF coincidence

map suggests that this hitherto undiscussed pathway is
a relevant channel.

The feasibility of double-ionization-induced proton trans-
fer in (C2H2)2 is confirmed by our calculations. Figure 4
demonstrates the computed dicationic singlet states of the
irreducible representation A’ (group symmetry Cs) along the
proton transfer coordinate RPT that is the distance between
carbon and hydrogen atoms of C2H2

A and C2H2
D, respectively.

RPT equals 2.76 c at the ground-state geometry and decreases
when the proton moves towards the neighboring molecule.
The potential energy curves have numerous avoided crossings
implying complex nuclear dynamics with possible non-
adiabatic transitions (similar, though simpler pictures were
obtained also for the irreducible representation A’’ and all
dicationic triplet states). The states with two holes residing on
C2H2

D deserve special attention as being the only ones which
support intermolecular proton transfer because their energies

decrease barrierless as a function of RPT. We marked four
lowest-energy states of this kind by red dots in Figure 4; in the
energy-increasing order these are two 1pu

@2 states, the
1pu

@13sg
@1 and 3sg

@2 ones. Both 1pu
@2 states are rather flat

and the proton transfer is not expected to be rapid here. The
third state is noticeably steeper causing faster proton transfer:
its energy drops from 36.94 eV at the ground-state geometry
to the minimum value of 28.55 at RPT = 1.16 c. Yet the fastest
proton transfer apparently occurs after removal of two 3sg

electrons. By starting at 42.60 eV (above the energy range
used in Figure 4) the corresponding state drops by 11.5 eV till
31.08 eV at RPT = 1.16 c, and thus exhibits the steepest
descent along RPT. In Figure 4 only its part around the
minimum is marked. The rest is difficult to identify unambig-
uously owing to many avoided crossings with other states.

Note that the C2H
+ + C2H3

+ pairs can also be produced
after single ionization followed by ultrafast intermolecular
proton transfer and then autoionization of C2H2

D. This
sequence of processes, named proton transfer mediated
charge separation, was first discovered in liquid water after
core ionization by X-rays[37] and later also in some other X-ray
irradiated hydrogen-bonded systems.[38–40] This mechanism
does not contribute significantly here because first, except for
the low-energy 3sg

@1 state of C2H2
D which cannot autoionize,

none of the singly-ionized states shown in Figure 2 supports
intermolecular proton transfer (see the Supporting Informa-
tion); and second, in contrast to X-ray photoionization, the
cross-section for core ionization in alpha-particle collisions
under the present experimental conditions is very small, being
several orders of magnitude lower than those for valence
single and double ionizations.[41,42]

To explain the shapes of the experimental KER spectra in
Figure 3, we computed the energies of dicationic states for the

Figure 3. Measured kinetic energy release distributions for different
fragmentation channels as assigned in Figure 1. The error bars are
defined as square root of the count numbers. The dashed vertical line
corresponds to the Coulomb repulsion energy of two positive charges
separated by 4.4 b that is the equilibrium intermolecular distance in
the acetylene dimer.

Figure 4. Computed dicationic states of (C2H2)2 along the proton-
transfer coordinate. The only states that enable intermolecular proton
transfer and a subsequent cluster breakup are those with two holes on
the proton-donating monomer (red dots). Here, the doubly-ionized
dimer C2H2

2+ +C2H2 gradually transforms to the proton-transferred
one C2H

+ +C2H3
+. The states with two holes on the proton-accepting

monomer (green dots) and with holes distributed between two
molecules (blue dots) do not support proton transfer. The energies of
the infinitely separated normal and proton-transferred dimers are
represented by dots on the very left and right, respectively.
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infinitely separated normal and proton-transferred (RPT

& 1.16 c) dimers (shown by dots on the left and right sides
of Figure 4 for several selected states, respectively) and
estimated the KERs attributed to the ICD and proton
transfer processes. The 1pu

@13sg
@1 and 3sg

@2 states of C2H2
D

associated with fast proton transfer have theoretical KERs of
3.31 and 3.19 eV, respectively. We may ascribe these states to
two peaks at 3.33 and 3.13 eV on the red curve in Figure 3.
The low-energy shoulder at 2.95 eV on this curve likely
originates from two 1pu

@2 states which support slow proton
transfer. For these states we obtained KERs of 2.87 and
3.02 eV. The lowest-energy delocalized states (blue dots in
Figure 4) are the final states of ICD. They have the same
energies at the infinite intermolecular separation but split by
0.18 eV at the equilibrium distance. Consequently, the theory
predicts two KER signals at 3.22 and 3.40 eV which presum-
ably correspond to the main peak and shoulder at 3.19 and
3.35 eV on the blue curve in Figure 3.

As seen from Figure 3, the experimental KERs are
distributed around the value of 3.27 eV associated with the
equilibrium intermolecular distance of (C2H2)2. This is
remarkable and suggests, first, that no significant energy
loss happens because of rotational and vibrational motions in
the respective fragmentations. Our Born–Oppenheimer
molecular dynamics simulations corroborate it by revealing
only molecular vibrations without rotations in both Coulomb
exploding normal and proton-transferred acetylene dimers, in
strong contrast to a fragmenting water dimer where on
average 0.7 eV is converted to mainly rotation of the proton-
donating monomer.[17] Second, we also conclude that ICD and
proton transfer in (C2H2)2 are very fast processes taking place
essentially at the equilibrium
geometry before any considerable
molecular displacements happen.

In summary, upon irradiation
by alpha particles, acetylene
dimers break apart via Coulomb
explosion. Our study has revealed
two essential mechanisms respon-
sible for this phenomenon. One of
them is ICD which is the key
electronic decay process in inner-
valence-ionized systems embedded
in an environment. Its occurrence
after ionization of the shallow
carbon 2s levels has been identified
for the first time here. The other
one is the newly discovered inter-
molecular proton transfer process-
es following double ionization.
These processes play a pivotal
role in the cluster fragmentation
considering an appreciable produc-
tion of dicationic states in collisions
with alpha particles.[30] Both ICD
and proton transfer occur on a very
short timescale and are a source of
energetic cationic fragments.

Important and new is the finding that like ICD the
addressed proton transfer processes constitute a general
phenomenon in hydrogen-bonded systems. They are expected
to take place in alpha-particle-irradiated DNA and thus cause
damage to this biomolecule as schematically shown in
Figure 5. As an example we considered an adenine-thymine
dimer (AT) (Figure 5b,c (top)), which along with a guanine–
cytosine (GC) base pair holds together two helical chains of
DNA. AT has two intermolecular hydrogen bonds that makes
it less resistant to fragmentation compared to GC bound by
three hydrogen bonds. According to our calculations, double
ionization of thymine in AT initiates barrierless proton
transfer to adenine along the shorter NT@H···NA hydrogen
bond (dNN = 2.84 c; see Figure 5c (middle) and also the
Supporting Information). If adenine is doubly ionized instead,
then a proton goes in the opposite direction along the longer
OT···H-NA hydrogen bond (dNO = 2.94 c). However, the
respective potential energy curves are less repulsive and
show tiny barriers (see the Supporting Information). We note
that molecular environment is able to modify considerably
the hydrogen-bond lengths and strengths in base pairs.[43] The
presence of water, backbone or counterions may change the
shapes of the potential energy curves and consequently the
proton-transfer ability. Additional studies are highly desirable
to explore all these dependences. Environment also affects
ICD processes, but to a lesser extent. The computed double
ionization threshold in AT lies at 17.85 eV and, thus, is
considerably lower than any inner-valence ionization poten-
tials leaving the ICD channel always open (Figure 5b
(middle)).

Figure 5. Intermolecular Coulombic decay (ICD; b) and intermolecular proton transfer (c) as possible
damaging processes in an alpha-particle-irradiated DNA molecule (a). ICD: after inner-valence
ionization of thymine in an adenine-thymine base pair, the created vacancy is occupied by an outer-
valence electron from the same molecule. The energy released in this refill is transferred to adenine
causing emission of an ICD electron. Intermolecular proton transfer: after double ionization of
thymine, the proton moves from thymine to adenine along the intermolecular N@H···N hydrogen
bond. In both processes, Coulomb repulsion of the produced molecular cations leads to fragmenta-
tion of the base pair.
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[38] P. Slav&ček, B. Winter, L. S. Cederbaum, N. V. Kryzhevoi, J. Am.

Chem. Soc. 2014, 136, 18170.
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Computational methods

Geometry optimization for the acetylene dimer was performed using the coupled cluster

method with single and double substitutions (CCSD) in conjunction with the aug-cc-pVTZ basis

set,1 CCSD/aug-cc-pVTZ. For the T-shaped structure (C2ν) representing the global energy min-

imum geometry we obtained the equilibrium distance of 4.36 Å between two centers of mass that

is in excellent agreement with the experimental value of 4.4 Å.2 The geometry of the thymine-

adenine base pair was optimized using the density functional method with the B3LYP functional

and the 6-31G* basis set.3

The energies of cationic and dicationic states were obtained by adding single and double

ionization potentials to the ground-state energy. The latter were computed at the CCSD/aug-

cc-pVTZ and CCSD/6-31G levels of theory for the acetylene and adenine-thymine dimers, re-

spectively. We applied the Green’s function algebraic diagrammatic construction methods of the

third order, ADC(3),4 to compute the single ionization potentials, and ADC(2)5 to compute the

double ionization potentials. Here, we used the aug-cc-pVTZ basis set (without diffuse d-type

and f-type functions for the hydrogen and carbon atoms, respectively) for the acetylene dimer

and the 6-31G basis set for the adenine-thymine base pair.

In the case of (C2H2)2 we carried out calculations for several grid points along the proton-

transfer, rpt, and the intermolecular separation, rcm, coordinates (all other degrees of freedom

were kept frozen). To estimate the energies of repulsive charge-separated states at the infinite

intermolecular separations we subtracted the Coulomb potential energy of 0.576 eV from the

energies computed for rcm = 25 Å. Only the proton transfer coordinates were considered in the

calculations on in the adenine-thymine dimer.

The Coulomb explosion of the acetylene dimer was explored using the Born-Oppenheimer

molecular dynamics (BOMD) method as implemented in Gaussian package.6 200 classical tra-

jectories were examined with the initial conditions (atomic positions and velocities) generated

using the quantum-harmonic Wigner distribution. For the normal dimer, the trajectories were

run on a triplet dicationic state with the two holes sitting on different monomers. In the case of

the proton-transferred dimer, a singlet state was chosen with two holes made on the deprotonated

monomer. The time propagations were performed using the B3LYP/6-31+G* method.
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Experimental methods

The target cluster beam, with the fraction of dimers to monomers estimated to be around

0.5%, was created by supersonic expansion of pure acetylene gas through a 30µm nozzle at room

temperature with the stagnation pressure of 1 bar. The gas jet was intersected by a continuous

He2+ projectile beam with the diameter of 1 mm. The projectile energy was chosen to be 200

keV because of the high cross-section for single capture at this energy which is comparable to the

cross-section for direct ionization and exceeds noticeably the cross-section for double capture.7

Furthermore, the production of dicationic states in the single capture channel reaches the highest

efficiency here.7

The scattered projectiles were first charge-state analyzed by an electrostatic deflector, and

then detected by the projectile detector. Ionic fragments created in collisions with alpha particles

and recorded in coincidence with the scattered projectiles were extracted by means of a homo-

geneous electric field and detected by a time and position sensitive delay-line detector with the

diameter of 75 mm. The spectrometer for ion collections consists of the extracting and field-free

drift regions with the lengths of 107.5 and 215 mm, respectively.8 These lengths are chosen to

reach the Wiley-McLaren time focusing configuration.9 Full acceptance of the 4π solid angle

was achieved for ions with kinetic energies lower than 4 eV by applying the high-voltage electric

field of 180 V/cm. The times-of-flight (TOFs)10 and positions of the fragments were used in the

offline data analysis to calculate the initial momenta and kinetic energies of ions. The momentum

conservation restriction was imposed to suppress the background arising due to larger clusters

and false coincidences.

The ionic fragments were detected in coincidence with the He+ and He0 scattered projectiles,

so that both single and double capture channels were measured in our experiment. However, be-

cause of a very low cross-section for double ionization of acetylene and accordingly poor statistics

in the double capture channel (one order of magnitude lower than in the single capture channel),

we do not discuss the double capture results in our paper. In the single capture channel, the

following two processes contribute to the two-body fragmentation

He2+ + (C2H2)2 → He+ + C2H2
+ + C2H2

+ + e−, (1)

He2+ + (C2H2)2 → He+ + C2H
+ +C2H3

+ + e−. (2)
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Relative efficiencies of two fragmentation channels

Figure S1 shows TOFs versus impact positions (x coordinate) for the detected ionic fragments.

It has three areas (represented by overlapped ovals) assigned to the C2H
+, C2H2

+ and C2H3
+

ions. Since the detector cannot distinguish two equivalent ions arriving at nearly the same time,

an empty area appears in the center of the black oval corresponding to the C2H2
+ + C2H2

+

fragmentation channel (see also the empty area in the lower right corner of Fig. 1 of the main

text). The contribution from this area into the ion yield was taken into account by assuming a

uniform distribution of the C2H2
+ fragments in 4π solid angle.

The total numbers of counts associated with the C2H2
+ +C2H2

+ and C2H
+ +C2H3

+ frag-

mentation channels were obtained as follows. First, by assuming symmetric distributions of the

C2H
+ and C2H3

+ counts between the left and right halves of the red ovals in Fig. S1 and by

knowing the number of counts in their non-overlapping areas, we determined the number of the

C2H
+ + C2H3

+ events contributing to the two overlapping areas as well as the total number

of such events. Then, by subtracting the former number from the number of counts inside the

black oval we found the total number of the C2H2
+ + C2H2

+ events. The ratio of the two total

numbers constitutes 0.4:1 with the uncertainty of 21%.
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Figure S1: TOF vs. x-coordinate of the impact position for the C2H
+, C2H2

+ and C2H3
+ ionic

fragments.
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Single ionization spectra of the acetylene dimer
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Figure S2: Single ionization spectra (energies and spectral intensities) of the acetylene dimer

computed alone the proton transfer coordinate. The grid points are indicated on the left side of

the figure with 2.76 Å corresponding to the ground-state geometry. Except for the 3σ−1
g state of

the proton-donating monomer (marked by red), none of the states support intermolecular proton

transfer since their energies grow when a proton moves.
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Dicationic states of the adenine-thymine dimer
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Figure S3: The computed dicationic states as functions of the proton transfer coordinate NT –H· · ·NA in the

adenine-thymine dimer. The states evolve from the ground-state equilibrium value of NTH=1.05 Å. Red and green

dots mark selected low-energy localized states with two vacancies in thymine and adenine molecules, respectively,

while blue dots mark delocalized states. Barrierless intermolecular proton transfer is possible only after double

ionization of thymine (red dots).
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Figure S4: The computed dicationic states as functions of the proton transfer coordinate NA–H· · ·NT in the

adenine-thymine dimer. The states evolve from the ground-state equilibrium value of NAH=1.02 Å. Red and green

dots mark selected low-energy localized states with two vacancies in thymine and adenine molecules, respectively,

while blue dots mark delocalized states. Intermolecular proton transfer is possible only after double ionization of

adenine. However, the corresponding potential energy curves (green dots) have tiny barriers.
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