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Simulation of UV Absorption Spectra and Relaxation Dynamics of Uracil and Uracil-Water Clusters
Branislav Milovanović,a Jurica Novak,bc Mihajlo Etinski,a Wolfgang Domcke,d and Nad̄a
Došlić∗b

Despite many studies, the mechanisms of nonradiative relaxation of uracil in the gas phase and
in aqueous solution are still not fully resolved. Here we combine theoretical UV absorption spectroscopy with nonadiabatic dynamics simulations to identify the photophysical mechanisms that
can give rise to experimentally observed decay time constants. We first compute and theoretically assign the electronic spectra of uracil using the second-order algebraic-diagrammaticconstruction (ADC(2)) method. The obtained electronic states, their energy differences and statespecific solvation effects are the prerequisites for understanding the photodynamics. We then use
nonadiabatic trajectory-surface-hopping dynamics simulations to investigate the photoinduced dynamics of uracil and uracil-water clusters. In contrast to previous studies, we found that a single
mechanism - the ethylenic twist around the C=C bond - is responsible for the ultrafast component
of the nonradiative decay, both in the gas phase and solution. Very good agreement with the
experimentally determined ultrashort decay time constants is obtained.

1 Introduction
Photostability i s a property of some molecular systems which
after UV excitation rapidly relax to the electronic ground state,
which prevents the formation of undesirable photoproducts.
Molecules that are of foremost importance for life such as the
DNA and RNA building blocks are indeed highly photostable. 1,2
It is, therefore, not surprising that significant efforts have been directed toward the understanding of the molecular processes being
responsible for their photostability. 1–9 It is now well understood
that the ultrafast relaxation of photoexcited nucleobases is due to
efficient population transfer between electronic states at conical
intersections. 10 Notwithstanding this success, some aspects of the
ultrafast decay processes in nucleobases are still unresolved.
The aim of this work is to obtain a better understanding of the
UV spectroscopy and relaxation dynamics of the RNA nucleobase
uracil (U) in the gas phase and in solution. A clear mechanistic insight into the relaxation dynamics of U is still not available
as several contradictory computational reports exist in the literature. 8,11–18
The gas phase (vapor) UV absorption spectrum of U shows two
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bands. The first band is centered at 5.08 eV (244 nm) and encompasses the lowest-energy nπ ∗ and ππ ∗ transitions, while the
more intense second band is centered at around 6.63 eV and is
assigned to the second ππ ∗ state. 19 Most experimental studies
investigated the dynamics of U after excitation to the first absorption band. The transient ionization study of Kang et al. 20
at 267 nm reported a monoexponential decay of U with a time
constant of 2.4 ps. 20 The subsequent study of Canuel et al. 21 at
the same excitation wavelength, but with a better time resolution
(80 fs), found a biexponential decay with a fast time constant of
τ1 = 130 fs and a slower one of 1.1 ps. The biexponential decay
with time constants τ1 in the 70–90 fs and τ2 in the 2.2–2.6 ps
range, was subsequently confirmed by Weinacht and coworkers
at 262 nm (4.73 eV). 22,23 The most recent measurements of Ullrich and coworkers with excitation at 260 nm yielded τ1 = 170 fs,
τ2 = 2.35 ps and a third time constant τ3 > 1 ns. 24 At higher
excitation energy (250 nm), Stolow and coworkers obtained, in
addition to the short (τ1 < 50 fs) and long (τ3 = 2.4 ps) constants,
an intermediate time constant of τ2 = 530 fs.
A number of theoretical studies were concerned with the clarification of the molecular processes giving rise to the observed
time scales. 11–14,18,25,26 In general, high-level electronic structure methods have been used to compute vertical excitation energies and to characterize the minima of the relevant potential
energy surfaces as well as of conical intersection seams. 15,27–29
Because of the large computational effort required in dynamics
simulations, these were carried out using less reliable electronic
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structure methods such as the state-averaged (SA) completeactive-space self-consistent field (CASSCF) or the semiempirical OM2/MRCI method. 11,13–18 In the CASSCF-based multiple
spawning study of Hudock et al., 11 the active space consisted
of 8 electrons distributed in 6 orbitals and the CASSCF wave
function was averaged over three states (SA3-CASSCF(8e,6o)).
The authors reported that the internal conversion from the initially populated S2 (ππ ∗ ) to the S1 (nπ ∗ ) state is rather inefficient and cannot be associated with the sub-hundred femtosecond
time constant, τ1 . The subsequent SA3-CASSCF(10e,8o) surface
hopping study of Lischka and coworkers showed that after excitation at 267 nm a minor fraction of trajectories deactivated
to the ground state with a time constant of τ2 = 740 fs via a
ππ ∗ /S0 so-called ethylenic CI (EthCoI). Most trajectories were
first trapped in the region around the minimum of the S2 (ππ ∗ )
state and then remained for longer time in the S1 (nπ ∗ ) state, giving rise to the picosecond time constant τ3 > 1.5-1.8 ps. 14,15 The
SA4-CASSCF(14e,10o) surface hopping study of Fingerhut et al.
also revealed trapping of population in the S1 (nπ ∗ ) state and derived a time constant of τ2 = 516 fs for the depopulation of the
ππ ∗ state. 17 The most recent nonadiabatic dynamics simulations
of González and coworkers with SA7-CASSCF(12e,9o) accounted
for the possibility of electronic population transfer to the manifold of triplet states. 18 The authors characterized the relaxation
dynamics of U as biexponential. They obtained an ultrafast time
constant of τ1 = 30 fs for the depopulation of the S2 (ππ ∗ ) state
and a time constant of τ3 = 2.4 ps for the cumulative decay to the
ground state and the lowest triplet state. The very recent work of
Chakraborty et al. 26 demonstrates how the treatment of electron
correlation impacts the outcome of nonadiabatic dynamics simulations. Specifically, the trapping of population in the S2 (ππ ∗ )
state, which is a recurrent feature of CASSCF based nonadiabatic
dynamics simulations, is not found when multi-reference methods that include dynamics correlation are employed in the simulation of the dynamics.
Excited-state deactivation of U in solution was investigated
by UV fluorescence upconversion. 30,31 Measurements in water
yielded a single decay constant of around 100 fs 30 , while an even
faster decay was obtained in acetonitrile (< 100 fs) 31 . The relaxation of U in explicit water solution has been simulated with
Car Parinello molecular dynamics. 12 Using the BLYP exchangecorrelation functional, Nieber and Doltsinis found that the ππ ∗
state stabilized as the lowest excited state. They extracted a ππ ∗
lifetime of 608 fs from the monoexponential fit of the S1 state
population.
From the above resume it is evident that the choice of the
electronic structure method strongly affects the outcome of the
dynamics simulations as both the excitation energy of the initially populated ππ ∗ state and the gap between the two lowest
states affect the dynamics. The lack of dynamic correlation in
CASSCF destabilizes the S2 (ππ ∗ ) state and increases the separation between the nπ ∗ and ππ ∗ states which are almost degenerate in the gas phase. 8 For example, with SA4-CASSCF(14,10) the
S2 (ππ ∗ ) state is found at 6.82 eV, 1.8 eV above the maximum of
the first absorption band 19 and the gap between the two lowest
states is 1.64 eV. It is obvious that the results of CASSCF-based
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dynamics studies need to be taken with caution, but the need
for analytical excited state gradients seriously limits the choice
of the electronic structure method. In this work we use the
spin-component scaling (SCS) variant 32–34 of the second-order
algebraic-diagrammatic-construction (ADC(2)) method 35–37 to
compute the absorption spectra and to simulate the relaxation dynamics of U and the hydrogen-bonded complex of U with six water molecules (U(H2 O)6 ). We opted for the SCS-ADC(2) method
because the canonical ADC(2) method may possibly underestimate the excitation energies of Rydberg states and this may influence the dynamics. 34 We are also aware of the fact that longrange electrostatic effects of the aqueous environment cannot be
taken into account by simulations for finite-size water clusters.
However, we expect that the main effect of the solvation on the relaxation dynamics arises from water molecules that are hydrogenbonded to U. Proximal water molecules should also allow for the
possibility of formation of covalent U hydrate adducts, but the
complexity and wavelength dependence of this reaction are beyond the scope of this work. 38,39

2
2.1

Theoretical Methods and Computational
Details
UV absorption spectra

The ground-state reference geometry of U was optimized at the
MP2 level employing the aug-cc-pVDZ basis set 40 and using the
resolution of identity (RI) approximation. 41,42 In aqueous solution the minimum-energy geometry of U was optimized using the
COSMO continuum solvation model with a dielectric constant
of 78.36. 43,44 Hessians were computed for both gas phase and
COSMO optimized structures.
To simulate the UV absorption spectra, molecular geometries
were sampled from the Wigner distribution for the harmonic oscillator thermal density in the electronic ground state obtained
from the corresponding Hessian matrices. Nuclear ensembles of
Ng = 200 geometries were generated from the gas phase disgas
gas
tributions at T = 0 K (ρ0 ), T = 298 K (ρ298 ) and from the
sol
COSMO optimized distribution at T = 298 K (ρ298
). These different ensembles allow the disentanglement of gas phase effects
gas
stemming from vibrational averaging (ρ0 (q, p)) and temperagas
ture (ρ298 (q, p)) from proper solvent effects. The latter encompasses electrostatic effects, which were estimated by performing
computations in COSMO for geometries sampled in the gas phase
gas
(ρ298 ), and solvent induced structural changes accounted for by
sol
sampling from ρ298
.
Vertical excitation energies and oscillator strengths for Ns = 20
electronic states were calculated for each geometry using the SCSADC(2)/aug-cc-pVDZ method. 35,37 The electronic structure calculations were performed using Turbomole 7.0. 36,45–47
The absorption spectra were calculated using the state-specific
averaging procedure described in Ref. 48 Briefly, we started by
computing the electronic spectrum for the reference structure,
that is at the gas phase ground-state-minimum energy geometry,
and expanded the wave function in the basis of natural transition

2.2

orbitals (NTO)
{α,β } nσ

|ΨA i =

∑
σ

where ΘAk,σ

E
A
ΘAk,σ ,
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(1)
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are singly excited Slater determinants for the state
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A
A and spin σ with excitations from the kth occupied φk,σ
to
E
0A
kth virtual φk,σ
NTO. Note that Eq. 1 provides a compact representation of the wave function as the sum runs only over the
number of occupied orbitals. That is, the number of NTO pairs is
equal to the number of occupied orbitals in the system, nσ . Note
also that NTOs are different for each electronic state and that the
dominant NTO pairs, which correspond to the largest values λk ,
provide information on the character of the state. We then diabatically connected the electronic states computed at different sampled geometries in the gas phase and in solution with the set of
reference states. 48,49 This is done by first computing the overlap
matrix between the wave functions expressed in the NTO basis at
the different geometries 50
{α,β } {α,β } nσ nτ

SAB = hΨA |ΨB i =
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σ

τ
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and then solving the assignment problem. 51

Mapping of the states of the same electronic character in the
gas phase and in solution allows us to compute the mean value
of the excitation energy ∆E¯A and oscillator strength f¯A for each
diabatic electronic state as well as the state-specific standard deviation of the excitation energies, γA . The absorption spectrum is
obtained as
!
Ns
(E − ∆E¯A )2
f¯A
exp −
,
(3)
σ (E) ∝ ∑ √
2πγA
2γA2
A
where γA is the state-specific standard deviation.
The absorption spectra of U and U(H2 O)6 were also simulated
using the nuclear ensemble approach 52 by randomly sampling
geometries from ground-state molecular dynamics (MD) trajectories. Sampling from the Wigner distribution function is often preferred as it accounts for the zero-point energy contribution, but
in floppy hydrogen-bonded systems such as U(H2 O)6 with a large
number of ground state minima this was not possible. Specifically,
the initial geometries for this work were sampled from previously
published 53 25 ps long MD trajectories computed using the BLYP
functional 54,55 with Grimme’s D3 correction for the dispersion interactions. 56 Localized functions were described with the DZVP
basis set, core electrons with GTH type pseudopotentials 57 , while
the plane-wave cutoff for the finest grid level and the relative cutoff were set to 350 and 50 Ry, respectively. In the previous study
U was solvated with 44 water molecules. For details, see Ref. 53
Here, to obtain representative U(H2 O)6 geometries, we retained
only the six hydrogen-bonded water molecules closest to the hydrophilic C=O and N-H groups.

Nonadiabatic dynamics simulations

Nonadiabatic trajectory surface-hopping molecular dynamics simulations for U and U-water clusters were performed employing
Tully’s fewest switches surface-hopping algorithm (FSSH). 58 The
required nonadiabatic couplings were computed from wave function overlaps 59 using the NTO overlap algorithm (ONTO). 50,60
The algorithm can be used to calculate efficiently overlaps between excited states computed with linear response TDDFT 61 or
with the ADC(2) method for which a formal CIS type wave function can be constructed. 62–66 Newton’s equations for nuclear motion were integrated with a time steps of 0.5 fs using the velocityVerlet algorithm. Hopping probabilities were evaluated using the
locally diabatic formalism. 67 The energy-based decoherence procedure of Granucci and Persico with α = 0.1 Eh was used. 68
ADC(2) is a single-reference method and therefore may not be
reliable in the regions of S1 /S0 crossing where the ground state
wave function is of multi-reference character. Thus, we stopped
dynamics calculations when the energy gap between the S1 and
S0 states dropped below 0.1 eV which was taken as indication
of a close-by CI. 65 Our nonadiabatic dynamics code is linked to
Turbomole 7.0. 47
To simulate the nonadiabatic dynamics of U and U(H2 O)6 on
an equal footing, initial conditions were selected randomly from
the MD trajectories. For U, from a set of 1000 randomly sampled
geometries we selected a subset of 52 geometries whose lowest
ππ ∗ transition computed at the SCS-ADC(2)/aug-cc-pVDZ level
was in the 4.77 ± 0.07 eV (260 nm) range. This energy window corresponds to excitation to the low-energy part of the first
absorption band and was selected to emulate the recent experiment of Ullrich and coworkers at 260 nm. 24 In FSSH simulations
the initial conditions are usually selected by a weighted random
algorithm according to the oscillator strengths of the transitions
that fit the excitation windows. In case of U, however, because of
the large difference in the oscillator strength of the the nπ ∗ and
ππ ∗ states and the difficulties in the sampling of the red tail of
the absorption spectrum, all trajectories were launched from the
bright S2 (ππ ∗ ) state. The trajectories were propagated for 1 ps.
After preliminary test runs we concluded that it is sufficient to include the ground state and the four lowest adiabatic excited states
in the simulations. In the case of U(H2 O)6 , the initial conditions
were selected randomly from the 4.57–4.71 eV energy window,
which emulates the 267 nm excitation in the experiment of Gustavsson et al. 30 In total N = 34 trajectories were launched, 9 from
the adiabatic S1 state and 25 from the adiabatic S2 state.
Nonadiabatic dynamics trajectories were used to compute different sample averages, for example the time evolution of average
hydrogen bond distances, and the corresponding margin of error,
ε, given by
σ
(4)
ε = z√
N
where σ is the standard deviation and the factor z has the
value of 1.64 for the employed confidence interval of 90 %. 69
It should be mentioned that problems with the convergence of
SCS-ADC(2)/aug-cc-pVDZ calculations have been encountered in
many trajectories and that in 4 cases the simulations could not be
completed.
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In order to estimate the time-dependent population of the diabatic states of U and U(H2 O)6 , we used the bootstrap sampling
procedure. 70 Specifically, we generated 10000 bootstrap resamples by randomly sampling the initial set of N trajectories with
replacement. The average diabatic population of each electronic
state was calculated as the mean value of the bootstrap sample.
√
The data are reported with margin of error ε given by ε = z/σ N,
where σ is the standard deviation and the factor z has the value
of 1.96 for the 95 % confidence interval. We also applied the
bootstrap procedure to calculate the average decay constant of
the ππ ∗ state of U and U(H2 O)6 and associated margins of error.
Here, we used 5000 bootstrap resamples and give 95 % confidence and prediction (ε 0 = zσ ) intervals.

3
3.1

Results and discussion
UV absorption spectra of isolated and solvated U

Figure 1 (top left panel) shows the ground state minimum energy
structure of U with the numeration of atoms. The dominant hole
and particle NTOs contributing to the most relevant transitions
are shown in the remaining panels. The lowest 7 electronic transitions can be assigned in terms of four hole NTOs (n1 , n2 , π1 and
π2 ) and three particle NTOs (π1∗ , π2∗ and Ryd1 ).
In the following we first present the results obtained by sampling initial conditions from Wigner distributions and simulated
using the state-specific procedure of Ref. 50 and then those sampled from the MD trajectories for U and U(H2 O)6 . At the reference geometry, the first excited state of U at 4.88 eV corresponds
to a n1 → π1∗ transition that arises from the excitation of the nonbonding electron pair of the oxygen atom to the delocalized π1∗
orbital (see Table 1 and Figure 1). The next four states, π1 Ryd,
n2 π2∗ , π2 π1∗ , n1 Ryd1 respectively, at 6.01, 6.19, 6.42 and 6.74 eV,
carry low oscillator strength, while the intense π1 π2∗ state is found
at 6.85 eV.
gas

Vibrational averaging in the gas phase (E0 ) stabilizes all states
gas
on average by ∼ 0.22 eV. The effect of temperature (E298 ) is much
smaller and leads to a further ∼ 0.04 eV redshift of the states.
∗
In aqueous solution described by COSMO, (Ecosmo
298 ), the n1 π1
state is destabilized by 0.20 eV with respect to the value for isolated U, while the π1 π1∗ state is stabilized by 0.36 eV and found
at 5.00 eV as the lowest excited state. Similarly, the π1 π2∗ state
is stabilized by 0.58 eV and found at 6.27 eV. The impact of solvation is particularly large for states whose electron densities are
very different from that in the ground state. Such are the Rydberg
π1 Ryd1 and n1 Ryd1 states in which an electron is transferred from
a localized π- or n-orbital to a delocalized Ryd-orbital. Both states
are strongly blueshifted in solution. Accounting for the change of
the equilibrium geometry of U in water has a small redshifting
effect on the spectra.

Let’s now compare the absorption spectra computed using
snapshots from the MD trajectories of U and U(H2 O)6 , which will
be used in the dynamics (see Sec. 3.2 and 3.3), with those computed using Wigner sampling. In general, it is not possible to
make state-specific assignments of electronic transitions in floppy
molecular systems because the wave function overlaps are too
small. However, as the oscillator strengths of the two lowest tran-
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Fig. 1 MP2/aug-cc-pVDZ optimized ground state geometries of U and
atom labeling. Dominant hole and particle NTOs contributing to the most
relevant transitions (see Table 1 for the spectral assignment).

sitions are very different, it was possible to compute the mean
excitation energy and oscillator strength of these transitions and
the corresponding standard deviations. In U the n1 π1∗ state is
found at 4.64 ± 0.21 eV and the π1 π1∗ state at 5.12 ± 0.18 eV
with oscillator strengths of 0.002 and 0.207, respectively. Thus,
it appears that by sampling a larger area of the conformational
space the differences in the excitation energies of the two lowest
transitions, which are of the order of 0.2 eV at the two minima
(see Tables S1 and S2), are reduced in the simulated spectra. In
U(H2 O)6 the mean excitation energy of the n1 π1∗ state is almost
unchanged (4.58 ± 0.26 eV) while the π1 π1∗ state is redshifted
to 4.89 ± 0.20 eV. The comparison with Table 1 shows that the

Table 1 SCS-ADC(2)/aug-cc-pVDZ excitation energies (in eV) and oscillator strengths (in parentheses) of U computed at the optimized ground-state
geometry (Ere f ). Transitions below 6.85 eV (180 nm) are included. Dominant NTO pairs contributing to the transitions are specified. The effects of
gas
cosmo
sol
vibrational averaging (Egas
0 ), temperature (E298 ), electrostatics (E298 ) and solvent induced structural changes (E298 ) on the mean excitation energies
are obtained by sampling from the corresponding Wigner distributions (see Sec. 2.1).

S
S1
S2
S3
S4
S5
S6
S7

Ere f
4.88
(0.000)
5.36
(0.223)
6.01
(0.004)
6.19
(0.000)
6.42
(0.048)
6.74
(0.038)
6.85
(0.208)

NTOs
n1 π1∗
π1 π1∗
π1 Ryd1
n2 π2∗
π2 π1∗
n1 Ryd1
π1 π2∗ + n1 Ryd2

Egas
0
4.64
(0.004)
5.17
(0.204)
5.90
(0.011)
5.91
(0.005)
6.15
(0.050)
6.52
(0.028)
6.60
(0.140)

Egas
298
4.56
(0.004)
5.13
(0.199)
5.88
(0.014)
5.87
(0.009)
6.12
(0.050)
6.50
(0.032)
6.55
(0.134)

Ecosmo
298
5.08
(0.022)
5.00
(0.229)
6.32
(0.050)
6.25
(0.022)
6.33
(0.138)
7.01
(0.050)
6.27
(0.199)

Esol
298
5.01
(0.019)
4.95
(0.236)
6.32
(0.060)
6.13
(0.022)
6.23
(0.118)
6.92
(0.053)
6.27
(0.202)

Exp.

5.08(V)a 4.79(W)b

6.05(V)a

6.63(V)a

[a] Ref. 19 (vapor), [b] Ref. 71 (water)

excitation energies of the π1 π1∗ state obtained using the two procedures are in good agreement, while the excitation energy of the
n1 π1∗ state in the U(H2 O)6 cluster is red-shifted by 0.43 eV with
respect to the value obtained in the COSMO environment.
Figure 2 shows the comparison between the vapor spectrum of
U of Clark et al. 19 and the two computed spectra.

Fig. 2 Comparison of the experimental absorption spectrum of gas
phase U (black) with the two computed spectra. The state-specific absorption spectrum (blue) was generated by sampling initial conditions
from the room temperature Wigner distribution. Each of the 23 statespecific transitions in the 4.56–7.97 eV range was broadened with the
computed state-specific widths, γA . In the ensemble spectrum (red) computed from 997 MD snapshots of isolated U, 53 each transition (in total
∼ 20000) was uniformly broadened by γ = 0.2 eV. The spectra of Clark
et al. 19 were measured at 439 K (4.0–5.9 eV) and 501 K (5.7–6.7 eV).

To simulate the gas-phase spectrum with the state-specific procedure (blue) we broadened the mean excitation energy of each
transition (blue sticks) with the computed widths γA . In the spectrum computed by sampling from the ground state MD trajectory
(red), 53 all electronic transitions were uniformly broadened with
γ = 0.2 eV. This value was obtained as the standard deviation of
the mean excitation energy of the two lowest transitions. The vapor spectrum of U exhibits two bands at 5.08 and 6.63 eV and
a shoulder at 6.04 eV. 19 Both computed spectra reproduce very
well the first peak. Also the mean excitation energy of the π2 π1∗
and π1 π2∗ states (blue sticks) match well the shoulder and the
maximum of the second peak, but these transitions are not discernible in the simulated spectra.

The experimental and computed absorption spectra of U in water are shown Figure 3. The experimental absorption spectrum
(for experimental details see the Supporting Information) shown
in black is compared with the two computed spectra: the statespecific spectrum obtained from the Wigner distribution using the
COSMO solvation model (blue) and the spectrum computed by
sampling over 145 snapshots from the MD trajectory of U(H2 O)6
(red). In the latter, the six hydrogen-bonded water molecules describe the aqueous environment. The first maximum, which is
found in the experimental spectrum (black) at 4.79 eV is very
well captured in the MD spectrum of U(H2 O)6 , while it is slightly
blueshifted in the state-specific spectrum (blue), implying that the
hydrogen-bonded water molecules in U(H2 O)6 capture well the
water environment. In contrast, long-range electrostatic effects
seem to affect strongly the position of the second peak. In the
experimental spectrum a second maximum is visible at the highenergy edge of the recorded spectrum at 6.11 eV. Two states, π2 π1∗
and π1 π2∗ , contribute to this transition in the Wigner-sampled
spectrum of U with COSMO, while in the U(H2 O)6 spectrum only
a shoulder is visible at around 6.2 eV.
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Fig. 3 Comparison of the experimental absorption spectrum of U in water
(black) with two computed absorption spectra: the state-specific absorption spectrum obtained by sampling geometries from the room temperature Wigner distribution of U and computed using the COSMO solvation
model (blue) and the ensemble spectrum calculated for 145 MD snapshots of U(H2 O)6 (red). The state-specific spectrum was simulated using
the computed state-specific widths, γA , while the ensemble spectrum was
uniformly broadened by γ = 0.1 eV for which the best agreement with the
experiment is obtained. For the experimental spectrum, see also Figure
S1.

3.2

Photodynamics of U at 260 nm

In this section we are concerned with the relaxation dynamics of
U following excitation to the red tail of the first absorption band
at 4.77 ± 0.07 eV (260 nm). The dynamics is meant to emulate the recent time-resolved photoelectron experiment of Yu et
al. with excitation at 260 nm. 24 Out of 1000 geometries used
to generate the spectrum, only 52 fulfilled the required energy
criterion. Recall that that nonadiabatic dynamics simulations are
usually performed in the adiabatic representation. In U, however,
the large difference of the diabatic oscillator strengths of the n1 π1∗
state and the π1 π1∗ state allows to connect the adiabatic populations with the populations of the two lowest diabatic states without having to perform an explicit diabatization. 72–74 In Figure
4a we show the time evolution of the populations of the diabatic
(spectroscopic) states of U computed using 48 successful SCSADC(2)/aug-cc-pVDZ trajectories. For the adiabatic populations,
see Figure S2.
At the end of the 1 ps long simulation time, 35±2 % of the
trajectories deactivated to the ground state. While a complete
depopulation of the π1 π1∗ state took place in less than 600 fs, a
significant fraction of trajectories (∼ 60 %) remained trapped in
the S1 (nπ ∗ ) state. One can also see that the population of the
n1 π1∗ rises before that of the ground state (S0 ) but that there is
no change in the S0 population after the π1 π1∗ state has been depopulated. This suggests that a single mechanism is responsible
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Fig. 4 Average population of the ground state (S0 , blue), the diabatic
n1 π1∗ state (orange) and the diabatic π1 π1∗ state (green) obtained from
SCS-ADC(2)/aug-cc-pVDZ nonadiabatic dynamics simulations of (a) U
excited at 4.77 eV (260 nm) and (b) U(H2 O)6 excited at 4.64 eV (267 nm).
Shaded area represents 95 % bootstrap confidence interval for the diabatic populations. The dashed green line is the exponential fit for
the depopulation of the π1 π1∗ state and corresponds to a lifetimes of
τ = 161±40 fs for U and τ = 76±18 fs for U(H2 O)6 . The error margins
correspond to 95 % prediction interval limits (see Figure S3).

for the ultrafast component of U relaxation. Figure 5 shows the
key structural parameters, the C4=O8 and C5=C6 bond lengths
and the Cremer-Pople 75 puckering parameter Q, of the S1 /S0 CI
geometries reached in the dynamics. It is evident that all trajectories deactivated via the ethylenic-type CI (EthCoI) characterized
by a puckered C6 atom and extended C5=C6 bond. In contrast
to CASSCF-based simulations, in which the ultrafast decay component is associated with the ring opening CI, the ring opening
mechanism is not observed in our simulations. This is in accord
with the recent time-resolved ion-yield measurements of Ghafur
et al. 76 which found no evidence of the m/z = 84 fragment ions
associated with the ring opening process and the recent high-level
nonadiabatic dynamics simulations of Chakraborty et al. 26 The
lifetime of the π1 π1∗ state was obtained by fitting the population
to a monoexponential decay function y = e−(t−t1 )/t2 , where t1 is
the initial delay time needed for the first trajectory to reach the
S1 /S0 CI, t2 is a decay constant and τ = t1 + t2 is the lifetime.
With a latency time of t1 = 19 fs we obtained a π1 π1∗ state lifetime of τ = 168 ± 5 fs. The bootstrap method yields a slightly
shorter lifetime of 161 fs with a 95 % confidence interval of ±6 fs
and a 95 % prediction interval of ±40 fs (see Figure S3a). The
result is in very good agreement with the experimental time con-

Fig. 5 Distribution of the C4=O8 and C5=C6 bond lengths and the
Cremer-Pople parameter Q for U geometries in the vicinity of the S1 /S0 CI
seam. The color scale indicates the energy difference of the π1 π1∗ state
between the Franck-Condon geometry and the CI geometry.

stant of τ1 = 170 fs. 24 The long-time constants, τ2 = 2.35 ps and
τ3 > 1 ns, are not within the reach of our 1 ps long simulations
limited to singlet states. Based on the work of Richter et al. 18 ,
in which both nonadiabatic and spin-orbit couplings have been
included at the CASSCF level, is reasonable to assume that the
τ2 = 2.35 ps time constant originates from intersystem crossing
from the 1 n1 π1∗ state to a 3 ππ ∗ state. The trapping of population
in the 1 n1 π1∗ state indirectly supports this conclusion. The fate of
the intermediate time constant of 530 fs reported by Stolow and
co-workers 77 at 250 nm is worthy further investigation.
3.3

Photodynamics of U(H2 O)6

Femtosecond fluorescence upconversion measurements at
267 nm (4.64 eV) have reported a sub-hundred fs lifetime of U in
water. 30 To emulate the experimental conditions we investigated
the relaxation dynamics of U(H2 O)6 after excitation in the
4.57–4.71 eV window. As in the case of isolated U, owing to
the large difference in oscillator strengths of the n1 π1∗ state and
the π1 π1∗ state, it was possible to track the time evolution of the
average population of these two diabatic states in the dynamics.
Figure 4b shows the time dependent population of the ground
state (blue), the n1 π1∗ state (orange) and the π1 π1∗ state (green).
One immediately sees that a complete decay of the π1 π1∗ state
occurs in less than 250 fs. The monoexponential fit of the population of the π1 π1∗ state yields a lifetime of τ = 86±5 fs. With
the bootstrap method we obtain a lifetime of 76±18 fs for the
95 % prediction interval (see Figure S3b). These results are in
very good agreement with the measured lifetime of τ1 = 96 fs. 30
Undoubtedly, the aqueous environment accelerates the relaxation of U, but the underlying mechanism is not immediately apparent. The comparison with gas phase U (see Figure 4a) shows
that apart from the faster decay of the π1 π1∗ state, the population
trapped in the n1 π1∗ state is smaller in the U(H2 O)6 cluster. At

Fig. 6 Distribution of the C4=O8 and C5=C6 bond lengths and the
Cremer-Pople parameter Q for U(H2 O)6 geometries in the vicinity of the
S1 /S0 CI seam. The color scale indicates the energy difference of the
π1 π1∗ state between the Franck-Condon geometry and the CI geometry.

the end of the simulation time of 1 ps, 32±3 % of U(H2 O)6 trajectories remained in the S1 (n1 π1∗ ) state while in gas phase this
percentage is significantly larger (65±2 %). To understand origin of this effect, we recall that the water environment has an
opposite effect on the π1 π1∗ and n1 π1∗ states. The redshift of the
π1 π1∗ state, caused by the destabilization of the HOMO (π) orbital
upon hydrogen-bonding, affects the energy difference between
the states and may even invert the ordering. Indeed, in our simulations 9 out of 31 successful trajectories excited to the spectroscopic π1 π1∗ state were initiated in the adiabatic S1 state. The
effect could be even more pronounced in bulk water, as the n1 π1∗
state is found above the π1 π1∗ state in the COSMO environment
(see Table 1). However, starting from the S1 (π1 π1∗ ) state does not
ensure a faster relaxation. In 4 out of 9 trajectories started in S1 ,
the system encountered a crossing with the n1 π1∗ state, switched
to the n1 π1∗ state and stayed in that state till the end of the simulation time. Thus, the ordering of the two lowest electronic states
in the initially excited population may partially explain the reduction of the number of trajectories that remain in the n1 π1∗
state in U(H2 O)6 , but provides no explanation for the faster decay of U in water. Also, it appears that the initial structural differences between U(H2 O)6 and U cannot be hold responsible for
the faster decay of U(H2 O)6 . While the two carbonyl bonds are
more elongated in U(H2 O)6 , the initial C5=C6 bond lengths of
of 1.398 ± 0.016 Å in U(H2 O)6 and 1.401 ± 0.018 Å in U are
quite similar.
We now explore the topography of the π1 π1∗ potential energy
surface of U(H2 O)6 further away from the Franck-Condon region.
Figure 6 shows the distribution of the C4=O8 and C5=C6 bond
lengths and the puckering parameter Q of the S1 /S0 CI geometries
reached in the dynamics.
As in the gas phase (see Figure 5), the decay of the π1 π1∗
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Fig. 7 Time evolution of the hydrogen bond lengths in U(H2 O)6 averaged over all trajectories. The black curves indicate the mean value of the (a)
N1-H1· · · OH2 (b) N3-H3· · · OH2 (c) C2=O7· · · HOH d) C4=O8· · · HOH lengths. The blue shaded areas indicate the margin of error for a 90 % confidence
level computed using eq. 4. For the change in the hydrogen bond lengths averaged only over trajectories that remained in the S1 (n1 π1∗ ) state, see
Figure S3.

state involves only one mechanism - the ethylenic twist around
the C5=C6 bond. The structural parameters characterizing
the EthCoI in U(H2 O)6 are very similar to the ones of isolated U. The C4=O8 and C5=C6 bond lengths, respectively,
found in the 1.20–1.30 Å and the 1.50–1.75 Å range and
the parameter Q in the 0.30–0.57 Å interval. The average mass weighted root-mean-square deviations between the
initial geometries and the respective CI geometries are also
comparable in U (3.264 ± 0.473 Å a.m.u.1/2 ) and U(H2 O)6
(3.138 ± 0.310 Å a.m.u.1/2 ). There is, however, a noticeable
difference in the potential energy of the S1 /S0 CI geometries. The
color scales in Figures 5 and 6 indicate the difference in the potential energy of the π1 π1∗ state between the initial and final geometries of the nonadiabatic trajectories. All final geometries belong
to the S1 /S0 CI seam. More precisely, they are close to the S1 /S0
CI seam because the energy difference between the S1 and S0
states at these points is about 0.1 eV. The mean potential energy
of the initially excited geometries is 4.65 ± 0.04 eV in U(H2 O)6
and 4.78 ± 0.04 eV in U. The CI geometries of U(H2 O)6 and
U are, respectively, found 1.03 ± 0.26 eV and 0.71 ± 0.16 eV
lower in energy. Thus, the π1 π1∗ potential energy surface of
U(H2 O)6 is significantly steeper and as a consequence, the decay
of U(H2 O)6 is faster. The difference in the energy of the S1 /S0
8|
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CIs of U and U(H2 O)6 stems in part from the hydrogen-bonded
water molecules that stabilize the ground state of U(H2 O)6 at
the distorted CI geometries. The CI geometries of U(H2 O)6 are
on average 3.67 ± 0.25 eV above the energy of the ground state
in the initially excited geometries. In U this difference is larger,
amounting to 4.06 ± 0.18 eV.
Apart from the stabilization of twisted conical intersection geometries in U(H2 O)6 , we have found little evidence of a direct
involvement of water in the relaxation of U(H2 O)6 . Nevertheless, it is interesting to analyze how the photoexcitation of U affects the dynamics of the water network. Here, we follow the
approach used by Lischka and coworkers for thymine-water clusters. 78 Figures 7 and S3, respectively, show the time evolution
of the hydrogen bond lengths averaged over all trajectories and
over trajectories that remained in the n1 π1∗ state at the end of the
simulation. The distance of the closest donor or acceptor atom of
the nearest water molecule to the carbonyl oxygen atoms O7 and
O8 and to the hydrogen atoms H1 and H3 of the N-H groups is
shown (for the numeration of atoms, see Figure 1).
The breaking of the hydrogen bonds with the C4=O8 group is
clearly visible in Figure 7d. From t = 10 fs onward the distance
between the closest water molecule and the O8 atom rapidly increases as a consequence of the translocation of charge from the

C4=O8 group to the delocalized π1∗ orbital which is accompanied with the elongation of the C4=O8 bond and weakening of
the hydrogen bonds with the surrounding water molecules. This
happens for both n1 → π1∗ and π1 → π1∗ transitions, but is more
pronounced in the former (compare Figures 7 and S3). The increase of lengths of the other hydrogen bonds is slower and can
be explained in terms of intermolecular vibrational energy redistribution. The fast relaxation from the Franck-Condon geometry
toward the minimum of either the n1 π1∗ or the π1 π1∗ state leads to
an increase of the kinetic energy of U which is transferred to the
surrounding water molecules. We also observed that the initial
N3-H3· · · OH2 distance is ∼ 0.3 Å longer in the trajectories that
stayed in the n1 π1∗ state, but the total number of such trajectories
(9) is too small to draw any conclusion.
Finally, it should be kept in mind that our simulations have
been performed for the finite U(H2 O)6 cluster and that the situation in bulk water may be different. Water molecules surrounding the photoexcited carbonyl group C4=O8, which are highly
volatile in the cluster, will be much less so in bulk water. Such
structural constraints may affect the decay of the n1 π1∗ state in
liquid water. Further studies based on QM/MM nonadiabatic
dynamics simulations 79–81 and including the spin-orbit interaction 82 are needed to tackle this problem.

4

Conclusions

An accurate theoretical description of the photodynamics of U in
the gas phase and in aqueous solution may be considered as a
starting point for addressing a range of photochemical processes
in which U is involved in its biological environments.
In this work, we started with the computation and theoretical
assignment of the optical absorption spectra of U in the gas phase
and in solution. All electronic structure calculations have been
performed with SCS-ADC(2)/aug-cc-pVDZ and both implicit and
explicit solvation models have been used. Specifically, the effect
of bulk water was approximated by the COSMO solvation model,
while the effects arising from hydrogen-bonded water molecules
were modeled for the U(H2 O)6 cluster. Apart from the assignment of the UV absorption spectrum up to 180 nm and the computation of state-specific solvent shifts, the main result of this part
of the present work is the good agreement between the experimental and the computed spectra. The redshift of the excitation
energies of the ππ ∗ states in water solution is well described both
by the COSMO model and by snapshots from MD simulations of
U(H2 O)6 . We found, however, a difference in the description of
the lowest nπ ∗ state, which is significantly blueshifted in COSMO,
but not in U(H2 O)6 .
In the second part we were concerned with the photoinduced
dynamics of U. In particular, we were interested in the effects of
water solvation on the mechanism and time scale of relaxation.
In the case of isolated U we simulated the experiment of Yu et
al. 24 with excitation at 260 nm and found that a single mechanism - the ethylenic twist conical intersection - is responsible for
the deactivation. The computed lifetime of the diabatic ππ ∗ state
of τ1 =161±40 fs is in excellent agreement with the short time
constant t1 =170 fs determined in the experiment. 24 While the
agreement with this experiment may be fortuitous, extraction of

the time constant from the diabatic rather than from the adiabatic population is considered to be mandatory when comparison
with this experimentally determined lifetime is sought. With respect to the decay of U(H2 O)6 , our simulations reproduce very
well the rapid decay of U in solution. The faster decay of U in
water is caused by the change in the topography of the potential
energy surface of the photoexcited ππ ∗ state. While there is little evidence that hydrogen-bonded water molecules are directly
involved relaxation dynamics of uracil, we found that the electronic ground state of the puckered structures close to the S1 /S0
CI is significantly stabilized by hydrogen bonding. This increases
the slope of the ππ ∗ state and leads to the faster decay in solution.
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