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Proton transfer is one of the most fundamental events in aqueous-phase chemistry
and an emblematic case of coupled ultrafast electronic and structural dynamics™?.
Disentangling electronic and nuclear dynamics on the femtosecond timescales

remains aformidable challenge, especially in the liquid phase, the natural environment
of biochemical processes. Here we exploit the unique features of table-top water-
window X-ray absorption spectroscopy®® to reveal femtosecond proton-transfer
dynamicsinionized ureadimersinaqueous solution. Harnessing the element

speci city and the site selectivity of X-ray absorption spectroscopy with the aid of
ab initio quantum-mechanical and molecular-mechanics calculations, we show how,
inaddition to the proton transfer, the subsequent rearrangement of the urea dimer
and the associated change of the electronic structure can be identi ed with site
selectivity. These results establish the considerable potential of at-jet, table-top
X-ray absorption spectroscopy”® in elucidating solution-phase ultrafast dynamicsin
biomolecular systems.

Ureaand its photoinduced reactionsare acornerstone in current theo-
ries on the origin of life®. When exposed to ionizing radiation, urea
forms malonic acid'®, which further reacts with urea to yield several
nucleobases. The urea dimer is thus an intriguing system for under-
standing the first stepsin the ultrafast chemistry at the origin of life and
anexcellentmodel systemfor studying proton transfer across hydrogen
bonds, which is an important source of mutations, in both RNA and
DNA". Given the wide significance of urea, its dimer and photoinduced
proton-transfer dynamics, this system is ideal for the application of
femtosecond soft X-ray absorption spectroscopy (XAS) of liquids®.
The recent development of table-top soft X-ray spectroscopy®™® has
indeed opened new avenues for investigating dynamics in molecular
systems with site specificity®*° and ultimate time resolution®®, but
has so far mainly been applied to gas-phase studies. Here we inves-
tigate femtosecond proton transfer in ionized urea dimers in aque-
ous solution using element-specific soft X-ray transient-absorption
spectroscopy. We induce the proton transfer through multiphoton
ionization at 400 nm, creating large ionization fractions reminiscent
of the conditions thought to prevail on the primordial earth as a con-
sequence of the linear absorption of ionizing radiation. Whereas pre-
vious studies found thationization-induced proton transfer between
nucleobases was mediated by water' or can even take place in the
absence of hydrogen bonds'®, we find that in ionized urea solutions
proton transfer from an ionized urea donor to a urea acceptor is the
dominant pathway. Inaddition to following the proton transferinreal
time, we show through direct comparison with quantum-mechanical
and molecular-mechanics (QM/MM) calculations that the underlying

dynamical evolution of the valence hole can be distinguished from
the proton transfer itself. This separation of electronic and structural
rearrangementsisaunique feature of transient XAS. Our work thereby
contributesto establish soft XAS as a promising method for explaining
the broad class of non-adiabatic ultrafast dynamics in solution-phase
chemistry.

Figure 1 illustrates the experimental scheme, in which a broad-
band soft X-ray (SXR) probe pulse covering the carbon and nitrogen
K edges (Extended Data Fig. 1) is focused on a sub-micrometre-thin
liquid flat-sheet sample™. The transmitted SXR radiation is recorded
with a spectrometer using a variable-line-spacing grating and a
charge-coupled-device (CCD) X-ray camera (see Methods and ref. 8
for details). A400 nm pulse, with a duration of approximately 30 fs
serves as the pump pulse, inducing multiphoton ionization in the
liquid sample at an intensity of around 1 x 10" W cm™. Lower pump
intensitiesatboth 400 nmand 266 nmwere also investigated and led
to the observation of the same features (Extended Data Fig. 10 and
Supplementary Fig. 10) as those described here. These observations
supportthe assignmentofall observed dynamics to ureaand exclude
ameasurable influence of plasma-induced chemistry (Supplementary
Information section 1.8). Figure 1c shows the static X-ray absorption
spectrum of a10 M aqueous urea solution at the carbon and nitrogen
Kedges (blue) aswell as the time-averaged transientabsorption of the
ionized sample (orange). The difference spectrum (change in optical
density, AOD) is shown in magenta.

The carbon K-edge absorption exhibits a pre-edge feature around
290 eV, whichisassignedtothe C1s - i transitionof urea,inagreement
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Fig.1|Overview of the experimental setup and the pumped and unpumped
spectra. a, Schematic depiction of the experimental setup. b, Schematic
molecular-orbital diagramillustrating ionization by apump pulse, followed by

with previous studies”?°*?. The experimental spectra have been cali-
brated by aligning the experimental carbon and nitrogen pre-edge
peaks to previous synchrotron data?#. All pre-edge absorption features
of the photoionized sample originate from allowed transitions into
valence vacancies created by the pump pulse.

Figure 2 shows the time-resolved AOD spectra of aqueous urea
solutionswith 10 Mand 5 M concentrations recorded over a2 ps time
window. At both concentrations, the dominant features are a sharp
depletion at 290 eV, corresponding to the C 1s - 1t transition of the
neutralureamolecule. The peak at289 eV and the gradually increasing
absorption feature from 285 eV to 289 eV are assigned tothe C1s - 1t
transitionand C 1sto outer-valence vacancies ofionized ureamolecules,
respectively.

The main difference between the results obtained with5 Mand 10 M
solutionsisthe appearance of an additional absorption band on top of
the broad absorption feature in the latter data, which appears in the
range 286.5-287 eV, shiftstoaround 287.5 eV and simultaneously gains
in intensity (arrow in Fig. 2b). A similar feature isnot observed at5 M
concentrations (Fig. 2d) nor at lower concentrations (Extended Data
Fig. 9). The exclusive observation of this feature at high concentrations
suggests that it originates from urea molecules linked by hydrogen
bondsto otherureamolecules. The abundance of urea—urea hydrogen
bonds is further discussed in Supplementary Information section 1.1
based on molecular-dynamics simulations.

Thisfeature can be identified by comparison with detailed QM/MM
calculations. To that end, the valence-ionization dynamics of several
ureamonomer and dimer conformationswere simulated using initial
samples from a molecular-dynamics simulation of a10 M aqueous
ureasolutionand their corresponding time-resolved XAS spectrawere
calculated. For each trajectory, either aureamonomer together witha
hydrogen-bonded water molecule or adimer were chosen at random
as the QM region. The surrounding environment was described by
aforce field in the ONIOM (our own n-layered integrated molecular
orbital and molecular mechanics) scheme?. Non-Born-Oppenheimer
effectswere captured using Tully’s fewest switching surface-hopping
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probing of the systemwith a SXR pulse. ¢, XAS spectrum ofa 10 M ureasolution
covering the carbon and nitrogen K edges with and without pump, and the
time-averaged AOD signal.

scheme?*, with the valence-ionized system being described by
Koopmans’ theorem. The electronic structure calculations were
performed using the XMOLECULE toolkit?>*?. Further details on the
simulations can be found in the Methods section.

After ionization, we observe that a fraction of the trajectories that
use a urea dimer as QM region undergo a proton-transfer reaction
(about 7%after ionization out of the highest occupied molecular orbital
(HOMO) and about 17% after HOMO-3 ionization). This proton-transfer
reaction resembles the one that was previously studied foraureadimer
in vacuum?®, For the dimer trajectories that undergo proton transfer
following HOMO ionization, the resulting time-resolved XAS spectra
in the region below the pre-edge (that is, the region highlighted in
Fig.2a—d by dashed lines) are shown in Fig. 2e,f. The rapid oscillations
in the predicted spectra originate from vibrational dynamics of the
ionized urea dimers, also obtained in previous work®. They are not
resolved in the experimental data owing to the larger delay-step size,
the approximately 30 fsinstrument function and the additional contri-
bution of diffusive dynamicsinthe experimental data. The calculated
spectradisplay both the increase of intensity and the energy shift of
the X-ray transition observed in Fig. 2b.

The transient XAS spectra from trajectories that comprise amono-
mer with a hydrogen-bonded water molecule in the QM region are
showninFig. 2g,h. In contrast to the dimer simulations, the XAS spec-
tra from a monomer with water simulations only display a weak and
nearly time-independent absorption feature, showing that ionized
urea monomers do not undergo proton transfer to water. Similarly,
the transient XAS spectra of ionized urea dimers that do not undergo
proton transfer (shown in Supplementary Fig. 2c,d) show only minor
time-dependent changes. These comparisons establish proton transfer
intheionized ureadimer asthe origin of the time-dependent spectral
feature highlighted with an arrow in Fig. 2b.

Figure 3ashowsamagnified version of the experimental XAS spectra
in the region of the proton-transfer band. These data are well repre-
sented by three Gaussian bandswith time-dependentintensities shown
inFig. 3b (seealso Extended DataFig. 4). The band centred at 286.7 eV
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Fig.2|Overview of experimental and theoretical results. a—h, The
transientcarbonK-edge XAS results of 10 Mor5 M ureasolutions (a—d) and
adirectcomparisonwith the QM/MM calculations after HOMO ionization
(e—h) (showing crosssectionsinatomic units (a.u.)). Panelsa,c,e,g show
anoverview of theresults, and panelsb,d,f,h show XAS spectraatselected time
delays (specified in the legends). The 10 Maqueous ureasolution (a,b) reveals

decays first, followed by the band centred at 287.3 eV, after which the
band centred at 287.6 eV rises.

These observations are well explained by the calculations. Whereas
contributions from deeper-valence orbital ionization have previously
been observed in gas-phase attosecond transient-absorption spectro-
scopy?®, corresponding evidence in the liquid phase has so far remained
elusive. Figure 3c shows QM/MM calculations of the proton-transfer
band of ureadimersfollowing HOMO ionization. The calculationsagree
wellwith the experimental data overall, but feature asingle absorption
band at early times in which the experimental data show two bands
that could be attributed to ionization from lower-lying orbitals. The
six highest-lying molecular orbitals are located in a binding-energy
range of only approximately 2 eV (Extended Data Fig. 6). lonization
from any of these six orbitals is followed by internal conversion to
the electronic ground state of the solvated urea dimer cation (that
is, with a hole in the HOMO) on timescales of at most 50 fs (Extended
DataFig. 7). As arepresentative example, we show the transient XAS
spectracalculated following ionization from HOMO-3inFig. 3e for the
trajectoriesthatundergo proton transfer.Bandiin Fig. 3frepresentsthe

Photon energy (eV)

thesignature of proton transfer in the ureadimer, which iscomparable with
calculations (e,f). At the lower 5 M concentration (c,d), proton transferisnot
observed inthesignal fluctuations, whichis supported by the lack of proton
transferin QM/MM calculations of ionized urea:water (1:1) complexes
embedded inthe 10 Msolution (g,h).

absorptioninthe electronically excited state of the ureadimer cation,
which decays with a characteristic time of 30 + 1 fs. lonization from
HOMO-3 thus gives rise to the appearance of a lower-lying pre-edge
absorption feature, which decays more rapidly compared to the case
of HOMO ionization, but leads to otherwise very similar signatures
of the proton-transfer dynamics (Extended Data Fig. 8). Band i in the
measured datain Fig. 3brapidly decaysin 110 + 15 fs, whichis consistent
with ionization from lower-lying valence orbitals.

The experimentally measured band ii (Fig. 3b) with a decay time of
290 + 22 fsisthusassigned to the calculated bands ii with decay times
of 114 + 2 fsand 143 £ 1 fs for the HOMO and HOMO-3 ionized dimers,
respectively (Fig. 3d,f).

The 591 +128 fsrise time of band iii observed in the experimentis
longerthaninthecalculations: 141+ 2 fsand 180 + 2 fs, following HOMO
and HOMO-3ionization, respectively. This discrepancy of timescales
can be attributed to the fact that the measurements capture both
real-time dynamicsand delayed kinetics limited by diffusive processes,
whereas the QM/MM calculations are designed to isolate the dynam-
ics. In the simulations, proton-transfer dynamics can only take place
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Fig.3|Detailed analysis of the proton-transfer band. a,b, Experimental data.
c—f, QM/MM calculations. The proton-transfer (PT) bands from the experiment
(a)and calculations forionization of HOMO (c) and HOMO-3 (e) are analysed by

inthe chosen QM region, thatis, in predefined pairs of ureamolecules
intherelevantsimulations. Thisfactrestricts both the numberand the
dynamical types of proton transfer that can take place, excluding the
slower proton transfers that arise from diffusion and the formation of
new hydrogen bonds beyond the QM region.

We find that proton transfer is only likely to occur if the two urea
molecules are linked by the hydrogen atom that lies closest to the
oxygen atom (Hima» S€€ Supplementary Information section 1.5
and Supplementary Fig. 4). This type of hydrogen bond occursin
the equilibrium structure of the urea dimer in vacuum?, By contrast,
for ureadimers linked by the hydrogen bond opposite to the oxygen
atom (Hgi..a), proton transfer is almost absent. The small fraction of
urea dimers that already possess the favourable conformation will
rapidly undergo proton transfer, as confirmed by the QM/MM calcula-
tions. The other urea dimers are unlikely to undergo proton transfer
in the time frame of our simulations (and experiments) because dif-
fusion is too slow and requires forming hydrogen bonds with a urea
molecule outside the QM region. The time constants for the forma-
tion of H,,o.ma-hydrogen bonds through either local hydrogen-bond
fluctuations and diffusion-controlled kinetics in MM simulations of
10 Maqueousureasolutionsare 227 + 11 fsand 4.1+ 0.1 ps, respectively
(Supplementary Information section 1.5 and Supplementary Fig. 6).
This reaffirms that our QM/MM calculations capture the proton-
transfer dynamics occurring onshorttimescales, butare not designed
to describe the reaction kinetics on longer time scales induced by
diffusion®,
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fitting three Gaussians corresponding to the two pre-and one post-proton-
transfer bands (i—iii) as shown in Extended DataFig. 4. Their corresponding
amplitudesare showninb,dandf.

Proton transfer isan emblematic case of strongly coupled electronic
and nuclear dynamics'. Itis therefore interesting to explore the specific
sensitivities of time-resolved XAS to such dynamics. Figure 4 presents
snapshots fromaQM/MM trajectory (also available as Supplementary
Video 1) of the HOMO-ionized ureadimer undergoing proton transfer.
Afterionization, the electronic valence hole is localized on one of the
ureamolecules (Fig. 4a), which subsequently donates one of its protons
to the neighbouring urea molecule (Fig. 4b), after which arearrange-
ment of the dimer geometry takes place (Fig. 4c,d). During this rear-
rangement, the valence hole, which initially has a vanishing density
at the central carbon atom, develops a rapidly increasing amplitude
near the carbon atom.

The electronic-structure rearrangement and proton-transfer
processes manifest themselves in different observables in the cor-
responding XAS spectra. Figure 4e shows the increasing absorption
cross-section of the proton-transfer band over time, which directly
reflects the gradual development of electron—hole amplitude on the
carbon atom. The transfer of the proton itself, in contrast, predomi-
nantly leads toashift of the absorption band to higher photon energies
by about 1.2 eV (Fig. 4f). An analysis of the time-dependent binding
energies of the C 1s and singly occupied molecular orbital (SOMO)
of the studied trajectory reveals that the energy shift of the SOMO
towards the vacuum level (that is, a decreasing binding energy) is the
dominant contribution.

Interestingly, the increasing absorption cross-section (Fig. 4e) and
the shifting transition energy (Fig. 4f) occur on different timescales.
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Afitofthe datawith sigmoidal functionsyields characteristic half-rise
times of 126 + 3 fsand 80 + 2 fs for the cross section and the energy
shift, respectively. Looking at the trajectory snapshots (Fig. 4a—d),
these different timescales can be readily explained. The transfer of
the proton is completed in Fig. 4c, corresponding to a time delay of
150 fs. At this time delay, the SOMO amplitude on the carbon atom has
notyet fully developed, which is only the case after more than 300 fs
(Fig. 4d). The latter timescale is longer because the electronic-structure
change isdriven by arearrangement of the deprotonated ureacation
to form a new hydrogen bond between the two oxygen atoms of the
ureadimer, which isslower than the proton transfer itself. These con-
clusions derived from the analysis of asingle trajectory (Fig. 4) are
representative of the ensemble of calculated trajectories that undergo
protontransfer (Extended DataFig. 5). The corresponding character-
istic half-rise times for the increase of the absorption strength and
the shift of the transition energy amount to 134 + 10 fsand 107 + 7 fs,
respectively.

Thisleadsto the conclusion that time-resolved XAS in the water win-
dow s, inthe present case, capable of separating the dynamical evolu-
tion of the electronic structure of solvated molecules from the effects
of the proton transfer. As the sensitivity of carbon K-edge absorption
strength to the time-evolving SOMO amplitude on the carbon atom
has previously been observed in Rydberg-valence mixing in dissociat-
ing gas-phase CF; molecules?, itis likely to be a fairly general feature.
Our detailed analysis, moreover, suggests that the upward shift of the
XAS transition energy can also be expected to be a generic feature of
proton-transfer processesinmolecular systems. These results therefore
highlight the considerable potential of water-window time-resolved
XAS indisentangling adynamical evolution of the valence hole fromthe
signature of the proton transfer itself. This leaves open the interesting
question of the role of solvation in the observed dynamics. To answer
this question, we show in Extended Data Figs. 5¢,d simulations of an
isolated ureadimer inthe gas phase. In this case, we find half-rise times
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of 110 + 3 fsand approximately 60 fs for the absorption strength and
the energy shift, respectively. Aqueous solvation thus slows down the
proton transfer in the present case.

We have found that solution-phase water-window XAS applied to
ionization-induced proton transfer inaqueous ureadimersselectively
identifies the amplitude of the electron—hole wavefunction at the car-
bon atom and maps it into the absorption strength of the carbon
pre-edge absorption. The transfer of the proton, in contrast, ismapped
into ashift of the pre-edge absorption feature towards higher energies.
These results thus establish the potential of water-window XAS for
disentangling individual aspects of the respective electronicand struc-
tural dynamics in ultrafast non-adiabatic dynamics of molecular
systems in aliquid environment. lonization of prebiotically relevant
ureadimers leads to an ultrafast proton transfer from one urea mol-
ecule to its neighbour, rapidly followed by a rearrangement of the
electron—hole density on the donating moiety. The products of this
reactionare aprotonated ureamoleculeand aurearadical, deprived
of ahydrogen atom. This reaction is remarkably similar in its nature
to ionization-induced proton transfer in ionized water (bulk or
clusters)®*®% H,0...HOH" - H,O"- .- OH and in ionized alcohols?,
ROH: --HOR" - ROH; - - - OR, where R stands for the organic rest of the
alcoholmolecules. Our results therefore identify aninteresting similar-
ity in the earliest steps of ionization-induced ultrafast chemistry of
hydrogen-bonded systems. The identified urea radical product is
indeed unlikely to be stable,and will probably react further, justas OH
radicals inionized liquid water. Future work can now be envisaged to
address the subsequent reaction steps and understand how malonic
acid and nucleobases are being formed'®*. More fundamentally,
solution-phase water-window XAS can now be extended to the atto-
second timescale® to explore the possible influence of electronic coher-
ences between electronic states created in valence ionization on the
proton transfer, including a possible electronic control**** of such
fundamental biochemically relevant reactions.
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Methods

Experimental methods
Experimental setup. The experimental setup consists of a laser-light
source providing ultrashortlaser pulses, a SXR high-harmonic source,
aliquid flat-jetabsorption chamber and a flat-field SXR spectrometer.
The laser source consists of a titanium:sapphire laser system with an
average power of 17 W, delivering approximately 40 fs pulses centred
at800 nm. Thislaser beamissplitina90:10 ratio with the more intense
partdirected toacommercial optical parametricamplifier to generate
approximately 40 fs, passively carrier-envelope-phase-stable idler
pulses centred at 1,800 nm. These pulses are further compressed by
means of two-stage spectral broadening in filamentsand compression
in bulk glass down to approximately 12 fs and used for high-harmonic
generationinahigh-pressure He gas target, asdescribed inref. 35. The
weaker part of the beamisfrequency-doubled inabeta-barium-borate
crystal to 400 nm, focused with a 1 m focal length and recombined
with the broadband SXR beam by means of a perforated mirror. For
the additional wavelength-dependence measurements shown in Sup-
plementary Fig. 10, the 266 nm pump pulse was generated by recom-
bining the partially depleted 800 nm beam with the 400 nm pulse
in asecond beta-barium-borate crystal (type-1) phase-matched for
sum-frequency generation. The SXR beam transmitted through the
liquid jet is dispersed by a variable-line-spacing grating from Hitachi
(2,400 lines mm™) and recorded with an X-ray CCD camera from
Andor. The spectrum of the SXR probe isshown in Extended Data Fig. 1.
Additional details on the experimental setup can be found in ref. 8.
The SXR spotsize was estimated based onapumpdrilled pinhole to
be approximately 62 um through which the probe beam intensity was
higher than 90%. Thisissmaller than the 400 nm pump pulse withaspot
size of approximately 80 pm. For details, see also the supplementary
information of ref. 8.

Sample preparation and delivery. The various concentrated urea
solutions were prepared from more than 99% purity urea samples
purchased from Sigma Aldrich and dissolved in purified liquid water
with anelectrical resistivity of approximately 18.0 MQ cm. The flat jet
is created by collision of two cylindrical jets emanating from quartz
capillarieswith orifices of about 18 pmand crossed atan angle of 48°.
The thickness of the flat jet in the laser/SXR propagation direction is
around 500 nm. The ureasolution is delivered into the interaction
region by an HPLC pump. Amore comprehensive description of the flat
jetincluding sheet shape, thickness and temperature measurements
can be foundin refs. 19,36,37.

Energy calibration. X-ray absorption K edges of carbon and nitrogen
from urea solutions measured at synchrotron facilites were used as
reference energy points for the energy calibration in thiswork. The car-
bonKedge of aqueous ureawas previously measured tobe at289.8 eV
(ref. 22) and the nitrogen K edge at 402.0 eV (ref. 21).

Temporal resolution. Temporal resolution of our measurementswas
evaluated by reducing the temporal scanning step down to 10 fs. A
lineout ofaband 285295 eV at the carbon edge measured using2.5 M
ureasolutionisshown in Extended DataFig. 2. Afitusinganerror func-
tionreturnsarise time of 27 fs (defined as the signal increase from 10%
to 90%). Note thata much larger temporal step of 100 fs has been used
for some of the measurements presented to match the timescale of the
dynamics of the proton-transfer process.

Data recording. The SXR spectrawere recorded using aNewton X-Ray
CCD camerafrom Andor thatis cooled to -95 °C during operation to
reduce dark currentnoise. For time-resolved measurements, each time
step consists of tenimage acquisitions of the SXR spectra transmitted
through both pumped and unpumped samples (2 x 10 total images).

Each image acquisition has an exposure time of 4 sand a horizontal
shiftreadoutfrequency of 50 kHz to reduce readout noise. To process
the images for data analysis, we performed background subtraction,
cosmic-ray filtering and spectral intensity normalization to reduce
shot-to-shot spectral fluctuations.

Theoretical computation details

Initial molecular-dynamics setup. The dynamics of ionized urea
moleculesinaqueoussolutionwere investigated based on molecular-
dynamics simulations using the hybrid QM/MM approach. To sample
the possible configuration structuresin the liquid phase, we first per-
formedforce-field molecular-dynamics calculationsforal0 Manda5 M
agueous ureasolution using Gromacs (v.2018.8)*® using the GROMOS
54A7 force field®. The ureaforce field is based on ref. 40 and the SPC/E
water model*was used. The setup is similar to the calculationsin ref. 42.
For the 10 M ureaaqueous solution, a cubic box with volume (3 nm)®was
filled with 146 ureamolecules using the insert-molecules routine from
Gromacs. The remaining space was thenfilled with 439 water molecules.
For the 5 M ureaaqueous solution, the same box size was used, but 81
urea molecules and 622 water molecules. The molecular-dynamics
simulations were performed atatemperature of 300 Kand apressure
of1barusing periodic boundary conditions. In particular, we used the
Particle-Mesh-Ewald method (real-space cut-off parameter r =1 nm,
Fourier spacing=0.12 nm), Parinello-Rahman pressure coupling (time
constantfor pressure coupling t,=1ps), velocity-rescale temperature
coupling (time constant for temperature coupling T= 0.1 ps)* and
atimestep of 0.5 fs. After 50 ps of equilibration in an ensemble with
constant particle number, constant volume and constant temperature
(NVT-ensemble), followed by 50 ps of equilibration in an ensemble
with constant particle number, constant pressure and constant tem-
perature (NpT-ensemble),a1,000 ps productionrun (NpT-ensemble)
was performed. The actual final concentrationswere 10.2 Mand 5.5 M.
For simplicity, the two simulation setups are simply referredtoas10 M
and 5 M in the text. If not stated otherwise, all the data are shown for
the 10 M calculation.

From different snapshots of the 10 M simulation, we selected 149
clusters containing a hydrogen-bonded urea dimer and 150 clusters
containing aureamolecule with a hydrogen-bonded water molecule.
These clusterswere considered as the QM region in the following simu-
lations, whereas the rest of the molecules in the simulation box were
partof MM and hence treated using classical force fields. For the selec-
tion of these clusters, we used a geometric hydrogen-bond criterion
(donor—acceptor distance <3 A and hydrogen donor—acceptor angle
<20°). For each of these QM regions, the QM/MM setup was further
equilibrated by a 2—ps QM/MM simulation performed with Gromacs
(v.4.5.5)* with the same molecular-dynamics parameters as for the ini-
tial setup using the ONIOM embedding scheme?. In these calculations,
therespective QM region was described using restricted Hartree—Fock
using the 6-31+G(d)*** basis set. The QM calculations were performed
using the XMOLECULE package (v.3847)*?¢ with amodification of the
Gromacs QM-interface code; for the evaluation of electron integrals
we used the libcint library“®.

lonized-state simulation. On the basis of the samples obtained from
the molecular-dynamics calculations, we performed simulations with
an ionized QM region. In particular, an electron was removed either
fromthe HOMO or the deeper-valence HOMO-3 orbital. These simula-
tions were also performed using the ONIOM embedding scheme and
the same force fields for water and urea as used for the MM simula-
tionsdiscussed above. The QM/MM simulations were propagated inan
ensemblewith constant particle number, constantvolume and constant
energy (NVE-ensemble) setup for 1 ps with a timestep of 0.5 fs, and
without imposing periodic boundary conditions (the QM region was
shifted to the centre of the simulation box). The calculations were per-
formed usingasimilar methodology asearlier calculationsfor ureaand
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ureadimersinvacuum?® using Tully’s fewest-switches surface-hopping
scheme? to handle non-adiabatic dynamics. The electronicstructure
calculationswere again performed at Hartree—Fock level with 6-31+G(d)
basissetusing XMOLECULE. Koopmans' theorem was used to describe
theionized QM region, which has been shown to be reasonably accurate
and computationally efficient at describing valence-ionized states??“,

We have tested the accuracy of this method for the ureadimer (cyclic
conformationinvacuum) by comparing the respective potential energy
surfaces with those obtained with the equation-of-motion coupled
cluster (EOM-CC) method using GAMESS (v.2021-R2)**-%2, Extended
Data Fig. 3 compares a cut through the potential energy surfaces for
the lowest ionized states along the proton-transfer coordinate. The
left panel shows potential energy surface scans for the three lowest
ionized states of a urea—water complex (water is hydrogen-bonded
to one of the proximal hydrogens) and the right panel shows scans
for the six lowest states of the urea dimer (cyclic configuration). The
geometrical configurations have been obtained through geometry
optimization. For the urea—water complex, the NHO angle to the water
molecule was constrained at 180°.

As can be seen, the potential energy surfaces obtained with the two
methodsare of similar shape. Differences occur intherelative distance
ofthe surfacesand in the barrier heights between the two local minima.
For the ureadimer (Extended DataFig. 3, right), both methods indicate
that only theionized ground state may allow for a proton transfer, but
the barrier obtained from the EOM-CC method is somewhat lower
compared with the one from Koopmanns’ theorem. For the urea—water
complex (Extended DataFig. 3, left), the proton transfer is prohibited
forall considered ionized states by the higher lying local minimum at
about 1.1 A. For the ionized ground state, this local minimum is about
0.7 eV higher than the global minimum. Moreover, there are consider-
able barriers of 1.2 eV (EOM-CC) or 1.6 eV (Koopmanns’ theorem). We
conclude that Koopmanns' theorem is sufficient to semiquantitatively
follow the ionized-state dynamics. The potential energy scans fully
supportthe observation of the fewest-switches surface hopping simu-
lations, showing that proton transfer from the ionized urea to water is
rather unlikely. Instead, proton transfer occurs from ionized urea to
aneighbouring ureaif the dimerisinan appropriate configuration.

Theoretical time-resolved X-ray absorption spectra calculation.
To compute the time-resolved X-ray absorption spectra, we calcu-
lated the absorption cross-section at each time step and for each
ionized-state trajectory as described in refs. 27,28,49. In brief, for
an electron in the core orbital @, being excited to the valence orbital
vacancy @, the absorption cross-section is given by*®

0(@)= 30a5( 1~ -)| @dle, I @

where 8(x) isafunction describing the line shape, wis the photonenergy
of the X-ray probe pulse, ais the fine structure constant, ;and ;are
orbital energies for @, and ¢y, respectively, and disthe dipole vector,
which in equation (1) is averaged over the three spatial dimensions.
The quantitiesin equation (1) are given in atomic units.

To take into account effects of the MM environment in the cross-
section calculations, the transition dipoles and orbital energies used
inequation (1) were calculated by incorporating the MM environment
viapointchargesdefined inthe forcefield. For the functiond( ;- ;—w)
we used a finite-width line profile given by a Lorentzian function with
awidth of 0.5 eV to take into account the natural line width of the
core-ionized state and the finite detector resolution in the experiment.
The calculated absorption spectra were averaged over all ionized-
state trajectories for each time step. In addition, we performed acon-
volution in time with a Gaussian function with a full width at half
maximum of 10 fs to account for the finite time resolution in the
experiment.

Theabsorption resonance positions here are calculated by the orbital
energy difference ;- ;.Notably, theresulting energies differ by sev-
eral electronvoltswhen compared with realistic values, which ismostly
because of orbital relaxation effects following core—shell ionization
not being taken into consideration in the orbital energy differences.
Thus, we down-shifted the calculated absorption spectraby 15.7 eV to
correct for this effect. This shift was estimated from the difference
between the calculated orbital binding energies (310.21 eV) and the
corrected experimental carbon K-edge ionization potentials
(294.51 eV)?. The experimental C Isionization potential of ureain aque-
ous solution was determined before by Ottosson etal.?* as 294.0 eV.
In their measurement they used the 1b, binding energy in liquid water
from ref. 54, which gives a value of 11.16 eV. Recent measurements
revealed, however,asomewhathighervalue of 11.67 eV for thisbinding
energy®. Therefore, we corrected the C 1s ionization potential to
294.51eV.

Theshiftof15.7 eV is qualitatively confirmed by delta-self-consistent-
field (ASCF) calculations, which take into account the electronic relaxa-
tioneffectupon coreionization. We note, however, that the calculated
resonance C1s - HOMO peakis 3.2 eV lower than the resonance position
in the experimental absorption spectra. This offset can be attributed
tointeractions with the aqueous environment that are not covered in
the current calculation setup. Therefore, all calculated spectra were
shifted upwards by 3.2 eV for an easier comparison with the experi-
mental results.

Foran exemplary structural configuration taken from the molecular-
dynamics simulation (urea and urea with three neighbouring water
molecules), Extended Data Table 1 compares computed C 1sioniza-
tion potentials. As can be seen, the ASCF method yields ionization
potentials thatare 12 eV to 13 eV lower. Furthermore, there isaclear
trend that a larger basis set (6-311++G(d,p) versus 6-31+G(d)) and the
incorporation of environmental water moleculesyields considerably
lower ionization potentials.

Having incorporated the core—hole relaxation effect, the resulting
calculated absorption resonance is 3.2 eV lower than the experimen-
tal values. This offset is explained by the large effect of the aqueous
environment on the valence ionization potential. By subtracting the
known C 1sionization potential of aqueous urea® (about 294.51 eV, see
correctionabove) from the measured C 1s to valence resonance energy
of 287.6 eV, we estimate a valence ionization energy of about 6.9 eV,
which isabout 3.4 eV lower than the ionization energy of ureain the
gas phase of about 10.28 eV (ref. 56). This large effect of the aqueous
environmentisnotcapturedinthe calculationsand is thus responsible
forthe toolowabsorption resonance energy. For an easier comparison
with the experimental results, the calculated spectra in the main text
have all been shifted upwards by 3.2 eV.

Gaussian fits of proton-transfer band. Extended DataFig. 4 illus-
trates how the experimental data shown in Fig. 3a of the main text
were analysed in terms of three bands (designated by i, ii and iii) to
obtainthe datapresented inFig. 3b. Atshort pump-probe delays (up to
approximately 300 fs), two distinct bands (i and ii) are visible. Band i
decaysfirst, followed by band ii and finally band iii rises. These fits show
that the experimental signals are well captured by the fitting model
that assumes three Gaussian spectral components, each with its own
time-dependentintensity.

Dataavailability
All dataare available at the ETH Research Collection®’.

Codeavailability

All non-standard code used to analyse the data is available from the
corresponding authors upon reasonable request.
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dimerinsolutionincomparisonwith gasphase. (a) Ensemble-averaged C
1s-valenceresonance integrated absorption crosssection and (b) energy shift
ofthe corresponding transitionasafunction of time along with error bars for
the QM dimer trajectoriesin 10 M solution thatundergo proton transfer
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following HOMO ionization. For comparison, subfigures (c) and (d) show the
same quantities foracyclicdimerinvacuumfromref. 28 (please note the
differenttime scale here). The blue line shows the calculated values and the
dashed orange lineisasigmoidal fitwith time constants givenin the text.
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Extended DataFig. 6| Theoretical bindingenergiesofureadimers. Histogram of the calculated molecular-orbital binding energies from HOMO to HOMO-6
for the initial QM/MM ensemble of the neutral QM ureadimer in 10 M aqueous solution.



Article

1 TF b
0.8 0.8 r
c c State 0 (hole in HOMO) ——
S 0.6 State 0 (hole in HOMO) —— S 0.6 | State 1 (hole in HOMO-1) —— 1
© State 1 (hole in HOMO-1) —— © State 2 (hole in HOMO-2) ——
3 State 2 (hole in HOMO-2) —— 3 State 3 (hole in HOMO-3) ——
g 04 State 3 (hole in HOMO-3) —— g 04¢ State 4 (hole in HOMO-4) ——
State 5 (hole in HOMO-5)
0.2 0.2 1
0 0 : — :
0 50 100 150 200 0 50 100 150 200
Time (fs) Time (fs)
Extended DataFig. 7| Populationsdynamics ofelectronic statesaccessed half decay time obtained by an exponential fit to state 3 (hole inHOMO-3) is
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ionizationin (&) HOMO-3and (b) HOMO-5. For initial HOMO-3 ionization (a), the
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Extended DataFig. 8 |Proton transfer fractionsofureadimersafter
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Extended DataFig. 9|Concentration dependence measurementofureasolutions. Time-resolved XAS at the carbon K-edge of 10M, 8M,5M and 2.5M urea
aqueoussolutions, recorded under conditions otherwise identical to Fig. 2 of the main text.
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the carbon K-edge of 10M aqueous ureasolutions performedwith 30 fspump measurementare givenin panel (b),(d) and (f) respectively.
pulsescentered at400 nmand variable peakintensities. Therise timesof the
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Extended Data Table 1| Calculated C 1s ionization potentials for an exemplary conformation from the MD simulations

Molecule Basis Set C1s Ionization Potential from
Orbital Energy (eV) | ASCF (eV)| Difference (eV)
urea 6-31+G(d) 309.90 298.15 11.75
6-311++G(d,p) 310.04 296.63 13.31
urea + 3 6-31+G(d) 310.20 298.27 11.94
water 6-311++G(d,p) 310.06 296.60 13.47

The QM region is either urea or urea with 3 neighboring water molecules. In the calculation, the remaining environment was embedded via point charges.
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