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Ionization of dimethyluracil dimers leads to facile
proton transfer in the absence of hydrogen bonds
Amir Golan1,4, Ksenia B. Bravaya2, Romas Kudirka3, Oleg Kostko1, Stephen R. Leone1,4,
Anna I. Krylov2 * and Musahid Ahmed1 *
Proton transfer is ubiquitous in chemistry and biology, occurring, for example, in proteins, enzyme reactions and across
proton channels and pumps. However, it has always been described in the context of hydrogen-bonding networks (‘proton
wires’) acting as proton conduits. Here, we report efﬁcient intramolecular ionization-induced proton transfer across a
1,3-dimethyluracil dimer, a model p-stacked system with no hydrogen bonds. Upon photoionization by tunable vacuum
ultraviolet synchrotron radiation, the dimethyluracil dimer undergoes proton transfer and dissociates to produce a
protonated monomer. Deuterated dimethyluracil experiments conﬁrm that proton transfer occurs from the methyl groups
and not from the aromatic C–H sites. Calculations reveal qualitative differences between the proton transfer reaction
coordinate in the p-stacked and hydrogen-bonded base pairs, and that proton transfer in methylated dimers involves
signiﬁcant rearrangements of the two fragments, facilitating a relatively low potential energy barrier of only 0.6 eV in the
ionized dimer.

P

roton transfer is ubiquitous in chemistry and biology (for
example, in proteins, enzymes, proton channels and proton
pumps), but has always been described in the context of hydrogen-bonding networks acting as proton wires. Some important
examples include excited-state proton transfer between nucleobases,
which provides an efﬁcient energy relaxation pathway1 and contributes to the intrinsic photostability of DNA. In oxidized DNA,
proton transfer separates the unpaired electron and positive
charge between the two strands, thus terminating long-range hole
migration2. Excited-state proton transfer is also a key step in the
photocycle of green ﬂuorescent protein3. Indeed, some of the
most important biochemical pathways in life itself are arguably
proton transfers across proteins and through membranes4,5.
The mechanism of proton transfer has always involved hydrogen-bonded networks acting as proton conduits6–8, and proton
transfer between Watson–Crick pairs induced by photoexcitation
and/or photoionization of nucleobases9,10 is not an exception.
This Article presents evidence for (and quantiﬁes) proton transfer
in the absence of hydrogen bonds across p-stacked dimers of
ionized nucleobases. It allows us to speculate that novel proton
transfer pathways, such as along p-stacked arrays and non-conventional hydrogen bonds11 (that is, C–H...O and N–H...O), may be
operational in various biological processes, including molecular recognition and folding of RNA and DNA12, as well as carbohydrate–
protein interactions13. We also speculate that, because hydrocarbons
on surfaces often assume p-stacked geometries, proton transfer
through p-stacks could have implications for catalysis14. These ﬁndings might also have relevance in environmental chemistry, because
p-stacking is present in soil and sediments, and it might be anticipated that these proton-transfer pathways might affect the rates of
absorption of various molecules and ions at organic interfaces5.
p-Stacking motifs are common in biochemical systems such as
DNA, lipid bilayers and melanin pigments, in DNA contributing
to the structural integrity of the DNA double helix and playing an
important role in radiation- or ionization-induced processes16–18

such as hole migration along the DNA strands5 and the formation
of excimers, oxidized products and fused dimers17–19. In synthetic
lipid bilayers, the rigidity conferred by p-stacking architectures
has led to novel applications for artiﬁcial photosystems by
forming ion channels and supramolecular rosettes18–21. Melanin22,
the structure of which is believed to be dominated by p-stacking23,
protects living systems from UV radiation by conferring colour to
them, and the mechanism of photoprotection may involve
excited-state proton transfer (PT)24, by analogy with DNA (ref. 1).
Quantum mechanics explains the effects of p-stacking on electronically excited or ionized states in terms of efﬁcient molecular orbital
overlap facilitating the delocalization of the excitation (or electron
hole) over stacked systems. However, the p-stacking arrangement
is not optimal for proton transfer. A crucial question for such
systems is ‘How does a proton ﬁnd a transfer path in the absence
of a guiding hydrogen-bonding network?’.
Proton transfer in nucleobases has been investigated in liquid25,26
and gas-phase dimers27–29 and is identiﬁed as one of the relaxation
pathways of ionized nucleobase dimers30–33. These previous studies
reveal that the photoionization relaxation patterns are different for
p-stacked and hydrogen-bonded dimers. In the former, ionization
may result in the formation of fused dimers with partially covalent
bonding between the monomers and bonding energies of
20 kcal mol21. In the latter, hydrogen-bonded dimers (AA, TT,
AT, CC, GC), ionization leads to efﬁcient proton transfer. The
resulting dimers are bound by 30–35 kcal mol21. Ground-state
proton transfer between bases is endothermic (for example,
by 0.75 eV in AT), but in the ionized states it is exothermic by
0.4–0.8 eV (Supplementary Section S3). Hence, when sufﬁcient
energy is available to the ionized dimers, they dissociate to
produce protonated species.
Uracil is chosen here because it has no low-energy tautomers to
complicate interpretation of the experimental results34, and there is
robust theory regarding the ionization energetics of hydrogenbonded and stacked pairs30–32. In this Article, we show that uracil
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Figure 1 | VUV-SPI mass spectra and photoionization efﬁciency curves. a–d, Typical mass spectra and photoionization efﬁciency curves for uracil (a,c) and
1,3-mU (b,d) molecular beams. The signal at m/z ¼ 112 corresponds to Uþ, and the small peak at 113 is due to UHþ (in addition to a 5.2% isotopic
contribution). The peaks at m/z ¼ 140 and 141 correspond to 1,3-mUþ and 1,3-mUHþ, respectively. The lines (solid, dashed and dotted) denote the average
of the experimental data. The standard deviation is shown as a grey area.

dimers follow the behaviour of other pyrimidine pairs, forming protonated monomers upon ionization. The observed ionization
appearance energies are supported by calculated ionization energies
for hydrogen-bonded and p-stacked dimers. In contrast to the barrierless and one-dimensional reaction coordinate for proton transfer
in the uracil dimer, for 1,3-dimethyluracil (1,3-mU) dimers our calculations show a 0.6 eV barrier and a complex reaction coordinate
involving signiﬁcant rearrangements of the two mU moieties. The
calculations support the experimentally observed large yield of protonated monomers upon ionization. To reveal the origin of the
transferred proton, we investigated d6-1,3-dimethyluracil (d6-1,3mU), in which the two methyl groups are deuterated and the
C–H moieties on the ring are not. This allows us to distinguish
whether the proton transfer involves the methyl group or the
uracil ring. We observed that deuterium transfer, followed by dissociation of the dimer into the (d6-1,3-mUD)þ ion and the presumed deprotonated radical, is the dominant reaction channel,
with up to 69% of the ionized dimers following this channel and
the other 31% remaining as ionized dimers. This conﬁrms that
the transfer originates from the methyl group and not from the
aromatic C–H sites. This observation of facile ionization-induced
proton transfer reveals the importance of the previously neglected
proton transfer mechanisms in systems with no hydrogen bonds,
such as methylated nucleobases, or with non-conventional hydrogen bonds. In the context of mass spectrometry, this reaction can
be described as an interesting case of so-called ‘chemical ionization’,
which was observed in methane in the 1960s and was used to softly
ionize neutral species with a higher proton afﬁnity35. The thermochemistry of this ion-neutral reaction involving proton transfer
depends on the proton afﬁnity of the reagents, and indeed
Gronert and colleagues36 measured the proton afﬁnity of 1,3-mU
in the gas phase to be 9.27+0.13 eV and predicted that protonation
takes place on the carbonyl groups. This high value offsets the
energy penalty for breaking the C–H bond in the ionized 1,3-mU
(9.4 eV), resulting in a relatively small (negative) reaction enthalpy
for proton transfer between the neutral and ionized monomers.

Results and discussion
Vacuum ultraviolet single photon ionization (VUV-SPI) mass
spectrum of uracil and mU. A VUV-SPI mass spectrum of the
uracil molecular beam features signals corresponding to Uþ, U2þ
and UHþ, and less than 3% of larger clusters (Fig. 1a). The mass
spectrum of 1,3-mU follows the same pattern (Fig. 1b). Figure 1c
shows the photoionization efﬁciency curves for the monomer,
324

dimer and protonated monomers for uracil and 1,3-mU generated
by integrating the area of each mass spectral peak at different
photon energies. The observed onsets of the photoionization
efﬁciency curves of Uþ, U2þ, 1,3-mUþ and 1,3-mU2þ correspond
to the calculated adiabatic ionization energies (Supplementary
Table S1). In the uracil beam, the UHþ channel exhibits a sharp
rise at 9.8 eV (Fig. 1c). Following ionization of the methylated
sample, the p-stacked dimer shows a signiﬁcant signal for
1,3-mUHþ (protonated 1,3-dimethyluracil ion) with an onset at
9.35 eV, demonstrating that proton transfer is efﬁcient in the
methylated species despite the absence of hydrogen bonds in the
neutral dimer.
We consider the following channels giving rise to the
observed ion signals, where M is the investigated molecule (one
monomer unit):
M + hn  M+
⎧
⎪
⎨

M+
2
M2 + hn  MH + (M − H)
⎪
⎩
M+ + M
+

(1)
(2)
(3)
(4)

No other channels of dissociative ionization are detected in the mass
spectra, in agreement with previous studies37. Larger clusters and
microhydrated species due to traces of water present in the argon
carrier gas will not give rise to the protonated monomer signal for
a number of reasons. For d6-1,3-mU, no protonated monomers
are observed; there is no notable signal for a sample þ water
complex or higher uracil clusters. On varying the backing pressure
of the carrier gas, different amounts of dimers and trimers are
detected in the supersonic molecular beam and there is no concomitant change in the protonated monomer signal. The latter observation suggests that the presence of trimers in the beam is
negligible and that the beam mainly comprises monomers
and dimers.
Furthermore, the effusive source signal shows no evidence of
dimer or higher clusters and there is little change (less than 5%)
in the photoionization efﬁciency curve shape of the monomer
signal Uþ (or 1,3-mUþ) compared to those formed in the molecular
beam. This would suggest that dimer dissociation, channel (4), contributes less than 5% to the ion signal. With this in mind, only the
ﬁrst three channels, (1) to (3), need to be considered to explain the
experimental results.
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Figure 2 | Relevant computed energetics (eV) of the non-methylated hydrogen-bonded and methylated uracil dimers. a,b, Ionization and proton transfer
energies are given for the lowest-energy U2 (a) and 1,3-mU2 (b) dimers. The shape of the initial hole corresponding to the lowest ionized state is also shown
(see molecular orbitals). Upon ionization, U2þ relaxes to the proton transfer structure bound by 1.7 eV. In 1,3-mU2þ, the Franck–Condon relaxed structure,
which resembles a fused dimer (yellow spheres show the reaction moieties), is separated from the proton transfer structure by a barrier (transition state,
TS). The dissociation energy of the proton transfer structure is 0.4 eV and threshold energies (t) for the formation of protonated monomers for the lowestenergy dimers of uracil and 1,3-mU are indicated by t UHþ and t1,3-mUHþ, respectively. n-PT refers to the proton transfer structure in the neutral dimer. AIE,
adiabatic ionization energy. All energies except the vertical ionization energy (VIE) include zero point vibrational energy correction.

Ionization and proton transfer energetics. The energetics of
channels (2) and (3) for the two representative systems28,29
(lowest-energy U2 and 1,3-mU2) are illustrated in Fig. 2. The
diagrams show the calculated adiabatic ionization energies that
correspond to the photoionization efﬁciency onsets of the
respective species (provided that the Franck–Condon factors are
favourable) and thermodynamic onsets corresponding to the
dissociation channel leading to formation of the protonated
monomer. The observed photoionization efﬁciency onsets for Uþ
and 1,3-mUþ agree within 0.1 eV with the respective computed
adiabatic ionization energies (see Supplementary Table S1). The
experimental onsets of dimer photoionization efﬁciency and
protonated monomer appearance signals can also be compared to
the adiabatic ionization energies and threshold energies (t) for the
formation of protonated monomers for the lowest-energy dimers
of U and 1,3-mU (t UHþ and t1,3-mUHþ, respectively, in Fig. 2), with
a caveat that the presence of other conformers in the molecular
beam may lead to discrepancies between the apparent onsets and
those computed for the most stable species.
The most stable conformer of U2 is a symmetric hydrogenbonded structure (Fig. 2a) bound by 0.70 eV (D0). Higher in
energy are several non-symmetric hydrogen-bonded structures followed by a p-stacked manifold that begins at 0.4 eV above the
lowest hydrogen-bonded conformer30,38 (the binding energy of the
most stable p-stacked conformer is 0.33 eV (D0)). The hydrogen
bond is rather conspicuous in the uracil dimer. The distance
between the participating hydrogen and the oxygen of the complementary moiety is 1.76 Å, and the respective N–H bond length
changes by 0.02 Å relative to the monomer. Most importantly, the
system is poised for proton transfer due to the nearly collinear
arrangement of the three participating atoms (the value of the
NHO angle is 1778).
Methylation eliminates the hydrogen-bonded manifold completely. The lowest-energy conformer of 1,3-mU2 is a p-stacked one
(Fig. 2b, Supplementary Figs S7 and S8) and is bound by 0.57 eV
(D0). The equilibrium distance between the 1,3-mU in the gasphase dimer is 3.30 Å, which is similar to the 3.33 Å separation
between the bases in the DNA double helix. In addition to blocking
the usual hydrogen-bonding interactions29,38,39, methylation increases
the electron density in the p-system, which decreases the ionization
energies and modulates the strength of p-stacking interactions22,31,40.

Calculations predict that proton transfer from methyl groups is
more favourable energetically than proton transfer from the
aromatic ring. To verify this experimentally we used deuterated
1,3-mU, in which the CH3 groups were replaced by CD3 and the
CH groups were left intact (d6-1,3-mU). The mass spectrum of
1,3-mU shows the monomer signal and a smaller protonated
monomer peak (Fig. 3a), but the d6-1,3-mU sample has three
peaks, the ﬁrst two corresponding to d6-1,3-mUþ (at m/z ¼ 146)
and the deuterium-transferred form (d6-1,3-mUD)þ (m/z ¼ 148),
respectively, and third being a small peak at m/z ¼ 147. In
Fig. 3b, trace (i) shows the ratio between protonated and unprotonated 1,3-mU signals, trace (ii) the ratio between the deuteriumtransferred and bare monomers (d6-1,3-mUDþ/d6-1,3-mU),
which is almost identical to the analogous 1,3-mU curve shown in
trace (i). The traces in Fig. 3b begin with a constant background
(0.072 and 0, respectively) due to the natural abundance of C13
and N15 isotopes. They then rise sharply at 9.6 eV, with a small
shallow slope beginning at 9.35 eV, indicating the onset for
proton transfer. The ratio between m/z ¼ 147 and 146 is photonenergy-independent, indicating that the m/z ¼ 147 peak arises
only from the isotope contribution and not hydrogen transfer
(Fig. 3b, trace (iii)).
To establish the relationship between the apparent onsets for
proton transfer and the underlying mechanism, we considered the
energetics of the ionization-induced intramolecular proton transfer
in nucleobase dimers, the ﬁrst step leading to formation of the protonated monomers. In U2 , proton transfer is exothermic and barrierless in the ionized state. Methylation results in a signiﬁcant
barrier (0.6 eV) for proton transfer in ionized 1,3-mU2. The structure after proton transfer is 0.5 eV higher in energy than the
relaxed non-proton transferred structure and is isoenergetic with
the vertical Franck–Condon geometry. The thermodynamic onsets
for the formation of protonated monomers are computed as the
energy difference between the initial neutral dimer and the products, UHþ and (U–H). (or 1,3-mUHþ and (1,3-mU–H).). For
the lowest-energy dimers of U2 and 1,3-mU2 , the proton transfer
channel opens at 10.25 eV and 8.93 eV, respectively. Note that the
shift in the thermodynamic onset for the d6-1,3-mUDþ due to
the difference in zero point energy (ZPE) is only 0.02 eV and the
resulting threshold energy is 8.95 eV. Importantly, for both UHþ
and 1,3-mUHþ systems, the thermodynamic onsets should
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Branching ratios and deuteration effects. To obtain detailed
information about the proton transfer channel, we analysed the
branching ratios between the proton transfer and formation of the
ionized dimer. The contribution of dimer dissociation to the
monomer signal, channel (4), is not substantial, so ionized dimers
give rise to only U2þ or UHþ signals (1,3-mU2þ and 1,3-mUHþ in
the methylated species). Consequently, the branching ratio for the
proton transfer channel is given by
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Figure 3 | Effect of deuteration on the 1,3-mU mass spectrum and
photoionization efﬁciency curves. a, Mass spectra obtained at 10.50 eV
for 1,3-mU and d6-1,3-mU zoomed in to show the monomer and
protonated/deuterated peaks. (Arrows refer to ratios between peaks, shown
in b.) b, Trace (i): ratio between the 1,3-mUþ signal and (1,3-mUH)þ
(m/z ¼ 140 divided by m/z ¼ 141). Following the natural isotope background
of 0.072% arising from the 0.0107% and 0.368% contributions of C13 and
N15 , respectively, is the proton transfer onset at 9.35 eV. Traces (ii) and (iii):
ratios between the monomer signal at m/z ¼ 146 and the peaks at m/z ¼
148 and 147, respectively. Trace (ii) exhibits the same energy dependence as
trace (i), but trace (iii) remains constant, demonstrating that no (observable)
hydrogen is transferred from the C–H groups on the aromatic ring.

correspond to the appearance curve onsets, because there is no
barrier for proton transfer in ionized hydrogen-bonded U2 and
the transition state energy is below the thermodynamic onset in
1,3-mU2. If higher-energy conformers are present in the beam, the
apparent onsets will be lowered. The binding energy of the lowestenergy dimer conformer (D0 ¼ 0.57 eV) also deﬁnes the uppermost
energetically possible 1,3-mU2 dimer. Hence, the most conservative
estimate of the lower bound of the proton transfer channel onset
for 1,3-mU2 is 8.36 eV. This requires population of conformers that
are 0.57 eV above the lowest one, rather unlikely even assuming
non-Boltzmann distributions in the thermal desorption sources
used. A similar estimate provides 9.10 eV as the lower bound
energy for the proton transfer channel onset for U2. Therefore,
theory predicts that proton transfer channels should be accessible
above 9.10 eV and 8.36 eV for uracil and 1,3-mU, respectively, and
that the signal from the lowest-energy dimer starts to contribute at
10.25 eV and 8.93 eV, respectively. Indeed, the observed experimental
onsets for UHþ and 1,3-mUHþ signals lie above the predicted lower
bound of the proton transfer channel onsets, possibly as a result of
unfavourable Franck–Condon factors and population of higherenergy conformers of the dimers in the molecular beam. For UHþ,
the sharp rise of the signal at 9.8 eV is in excellent agreement with
the values predicted for two higher-energy hydrogen-bonded
dimers of U2 (Supplementary Fig. S12). In summary, the observed

(5)

where MHþ and M2þ are the photoionization efﬁciency signals of
the protonated monomer and the dimer, respectively. These ratios
for uracil, 1,3-mU and d6-1,3-mU are shown in Fig. 4. These
ratios characterize the efﬁciency of the proton transfer channels in
different species.
Asymptotically, the efﬁciency of proton transfer in uracil and
dimethyluracil is remarkably similar and approaches an 85% fraction of the ionized dimers for uracil and 1,3-mU. The deuterated
curve lags behind the non-deuterated signal and approaches a
lower asymptotic value of 69% (the remaining 31% do not fragment
and remain as ionized dimers). Similar values derived from a Rice–
Ramsperger–Kassel–Marcus (RRKM) model are in semi-quantitative agreement with the experiment results, 75% and 67% for
1,3-mUHþ and d6-1,3-mUDþ, respectively (Supplementary
Section S6). The small effect of H/D substitution on the observed
yield of protonated monomers points to the complex reaction
coordinate for the proton transfer process. The presence of different
conformers in the molecular beam, and the possible involvement of
multiple ionized states with different ionization cross-sections,
potential energy surfaces and anharmonic effects, make quantitative
predictions of kinetic isotope effects extremely difﬁcult in
these systems.
Proton transfer mechanism. The nature of motions promoting
low-energy proton transfer in the ionized state is very different for
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Figure 4 | Experimental branching ratios for the proton transfer channel in
the uracil, 1,3-mU and d6-1,3-mU beams. Although showing different
onsets, the proton transfer efﬁciencies in uracil and dimethyluracil are
remarkably similar, reaching 85%. The deuterated curve lags behind the
non-deuterated signal and approaches a lower asymptotic value of 69%.
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Figure 5 | Relevant energetic and structural parameters illustrating the mechanism of ionization-induced proton transfer. a, The two-dimensional PES scan
shows the proton transfer path in the dimer ion (1,3-mU2þ) involving a concerted change in the distances between the proton and the donating (C–H) and
accepting (O–H) atoms. b, Energy along the proton transfer reaction coordinate; note that the barrier height is higher than in a because it does not include
ZPE. c, Change in the C–O distance and the distance between the centres of mass of the monomers along the proton transfer reaction minimum energy path
on the computed two-dimensional PES, demonstrating the signiﬁcant reorientation of the bases necessary to achieve a favourable alignment of the C–H–O
moiety. d, Molecular orbitals at the initial (MIN), ﬁnal (PT) and transition state (TS) structures of the lowest-energy 1,3-mU2þ conformer (with a circle
marking the transferred proton) demonstrate the evolution of the wavefunction along the proton transfer pathway. Energies were computed with
vB97X-D/6-31 þ G(d,p) and include ZPE correction.

hydrogen-bonded and p-stacked systems. In the former, the proton
transfer reaction coordinate corresponds to a simple proton motion
between the two uracil moieties due to an almost linear hydrogen
bond ((N–H–O) ¼ 1778) and a relatively short distance between
the proton-accepting and proton-donating atoms (2.794 Å at the
Franck–Condon geometry). Because of the collinear arrangement,
elongation of one of the bonds (N–H) implies shortening of the
other (O–H) bond, and no large changes are observed in other
degrees of freedom (for example, relative orientation of the
fragments) along the proton transfer reaction coordinate. Thus,
proton transfer is essentially a one-dimensional process in these
hydrogen-bonded systems.
In contrast, the structure of the stacked 1,3-mU2 dimer is not
optimal for proton transfer; that is, the C–O separation is 3.136 Å
and (C–H–O) ¼ 1078 at the Franck–Condon relaxed geometry.
Therefore, a considerable rearrangement of the bases along the
proton transfer pathway is required to make the process
energetically possible.
This is illustrated by the two-dimensional potential energy
surface (PES) scan and the proton transfer reaction coordinates
shown in Fig. 5a. Although one can imagine multiple reaction pathways on this excited potential energy surface, the lowest-energy
proton transfer path involves a concerted change in the distances
between the proton and the donating (C–H) and accepting (O–H)
atoms. The transition state is nearly symmetric with respect to the
C–H and O–H separation. In contrast to the hydrogen-bonded conformer, a simple elongation of the C–H bond does not correlate with
O–H bond contraction, which requires reorientation of the bases.
Thus, one-dimensional PES scans along either the C–H or O–H
bonds (with all other degrees of freedom relaxed) result in a much
higher proton transfer barrier. The complex character of the
proton transfer reaction coordinate is illustrated by the changes in
C–O separation and the distance between the centres of mass of
the bases along the points corresponding to the minimal energy
path on the two-dimensional surface (Fig. 5b). The C–O distance
decreases by 0.6 Å as the system moves from the Franck–Condon
relaxed structure to the transition state. The shallow (with respect

to inter-fragment relative motion) shape of the potential energy
surface determined by weak electrostatic and dispersion interactions
in the ion allows for signiﬁcant reorientation of the bases along
the proton transfer coordinate necessary to achieve a favourable
alignment of the C–H–O moiety. Near the transition state, the
dimer assumes a T-shaped structure manifested by a large
increase in the centre-of-mass separation shown in Fig. 5c. As the
system passes over the transition state, it relaxes back to a
stacked geometry.
The evolution of the electronic wavefunction along the proton
transfer reaction coordinate is demonstrated by the shapes of the
molecular orbitals (Fig. 5d) at the initial equilibrium (MIN), ﬁnal
(PT) and transition state (TS) structures. The initial hole is delocalized over both fragments, but in the transition state and proton
transferred structures the unpaired electron is localized on the
proton-donating base. Note that the shape of the molecular
orbital in the proton transferred and transition state structures
reveals hole delocalization over the C–H s bonds. Therefore, the
change in the electronic state character along the reaction path facilitates proton transfer by reducing the C–H bonding character and
weakening the C–H bonds.
Although the complexity of the system does not allow all possible
proton transfer pathways to be established as well as a quantitative
prediction of the proton transfer rates, the experimental results
unambiguously demonstrate that the proton transfer channel is
very efﬁcient in methylated species and that the reaction begins
near the thermodynamic onset. By considering dimethyluracil
as a model system of stacked base pairs, we demonstrate that
ionization-induced proton transfer encounters only a moderate
energy barrier (0.6 eV or 14 kcal mol21) due to the concerted
reaction coordinate and complex evolution of the electronic
wavefunction. We therefore speculate that protons may transfer
along stacked ionized systems with no hydrogen bonds, or along
non-conventional hydrogen bonds in various biological environments. For example, our observations suggest that methylation of
DNA, which eliminates Watson–Crick hydrogen bonding, may
not prevent excited/ionized-state proton transfer, which is known
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to be important in photoexcitation- and oxidation-induced processes in DNA.
It is also possible that similar proton transfer mechanisms could
be operational upon photoexcitation and ionization of plant
biomass, which is made up of an intricate array of inter- and
intra-molecular hydrogen-bonded as well as p-stacked
networks41,42. The local electronic structure of stacked systems
may have ramiﬁcations in a number of other ﬁelds. For instance,
in scanning tunnelling microscopy and in other sensing techniques,
hydrocarbons are detected on metal surfaces, where p-stacking
is often involved. Proton transfer through these stacked
systems could affect rates of reactions, which is important for
catalysis studies14.
Our results pave the way for more sophisticated experiments to
directly probe the nature and dynamics of proton transfer in
stacked systems and to investigate whether such novel proton transfer pathways are operational in realistic environments. Although the
experiments and theory reported here are static in nature and do not
interrogate the dynamics, they do provide the foundation and backdrop from which new experiments can be devised, and theory
applied to interpret them. For instance, experiments using ultrafast
VUV photons should allow direct mapping of proton transfer rates,
and two-colour infrared–VUV spectroscopy should provide structural insight into the proton transfer mechanism. Inclusion of
time-resolved pump–probe spectroscopy and molecular dynamics
calculations would allow visualization of the actual proton
transfer mechanism.

Methods
We used tunable synchrotron radiation and a variety of ab initio approaches
following protocols used in previous studies33,43 and described in detail in
Supplementary Section S1. Brieﬂy, the experiments were performed on a molecular
beam apparatus coupled to a VUV monochromator on the Chemical Dynamics
Beamline at the Advanced Light Source. A thermal vaporization source, an effusive
or a supersonic molecular beam were used to introduce the bases into the gas phase.
The bases and their dimers were ionized using photon energies between 8 eV and
11.5 eV and were detected using reﬂectron mass spectrometry. Deuterated 1,3-mU
was synthesized (Supplementary Section S1) as it is unavailable commercially.
Electronic structure calculations were performed using Q-CHEM44 using methods
ranging from EOM-IP-CCSD to density functional theory with a range of separated
functionals and dispersion correction (wB97X-D).
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