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The reaction dynamics of excited electronic states in nucleic acid bases is a key process in DNA photodamage.
Recent ultrafast spectroscopy experiments have shown multicomponent decays of excited uracil and thymine,
tentatively assigned to nonadiabatic transitions involving multiple electronic states. Using both quantum
chemistry and first principles quantum molecular dynamics methods we show that a true minimum on the
bright S electronic state is responsible for the first step that occurs on a femtosecond time scale. Thus the
observed femtosecond decay does not correspond to surface crossing as previously thought. We suggest that
subsequent barrier crossing to the minimal energ$,£onical intersection is responsible for the picosecond
decay.

Introduction to nonadiabatic transitions from & S;. However, in agreement
with previous workers, we do find a low-lying,&; conical
intersection, separated by an intervening barrier from an S
minimum. Thus, we suggest that the picosecond component of
tthe lifetime may correspond to electronic relaxation fromis

Because of its importance to the mechanisms underlying
photodamage in DNA, the electronic structure and dynamics
of electronically excited nucleic acid bases have been a subjec

(r)rfoﬁsglggez;)r:(ejtlgslngggs?:jperr:r;géatjIltr;:aefzraes?t, 'J'mbmhrc')i%lated S; through this conical intersection. To support our picture, we
P : pump-p use AIMS to predict ultrafast time-resolved photoelectron

photoionization experiments on isolated nucleic acid bases have I
established a multiexponential decay with components in the spectroscopy (TRPES) results where the probe pulse photoion

femtosecond® picosecond?Mand nanosecofidanges. How- 1265 the excited-state molecules. TRPES experirtfetiisonsist

ever, the molecular origin of these time scales remains unknown of a pump pulse that electronlca]ly excites the .mo!eculg,
Man;/ authors have previously sugge@#i31ahat the shortest ‘follqwed by a probe p_u_lse that can |nduce _phot0|on|zat|on via
of these lifetimes corresponds to decay from the initially excited a single-photon transition. The res_,ultlng_ ejected electrons are
(S, 7 — ) state to a lower (§ n— %) electronic state gnergy-re_solved, providing a two-c_hmensmnql spectrum depict-
Os,tensibly minor perturbations can have a large effect oﬁ the "9 the yield of phqtoelectrons with given kinetic energy for
observed lifetimesfor example, thymine and uracil differ by e_ach pgmpprobe t|me_delay. We compare the A!MS predic-
only a methyl group, but the ,picosecond component of the tions directly to expenmental TRPI_ES resplts, with excellent
lifetime has been prev'iously reported to differ by almost a factor agreement for both urapll and thymine. This agreement serves
of 3 for these molecules6.4 and 2.4 ps for thymine and uraci to corroborate the detailed molecular mechanism predmtgd by
respectively:* Experimentél and th.eoretical studies on cytosin,e A!MS for thgse molecules_ and suggests that AIMS simulations

- ; ' will play an important role in the interpretation of future TRPES
the other pyrimidine base, have suggested the involvement of

multiple electronic states, starting from aps6— x* state and experiments.
involving one or more r—~ z* or biradical state$:16-18 Direct
simulation of the excited-state dynamics could provide important
insights into the detailed electronic relaxation mechanism and The AIMS method solves the electronic and nuclear Schro
the molecular origin of the observed lifetime variations. We dinger equations simultaneously, including all molecular degrees
report on such simulations for the isolated pyrimidine bases of freedon!22The total wave function in AIMS is expanded
uracil (U) and thymine (T) here, using the ab initio multiple in & time-dependent basis set of phase-space-localized frozen
spawning (AIMS) method. The AIMS simulations show that Gaussians as
the femtosecond decay time corresponds to relaxation from the
Franck-Condon region into a well-defined minimum on.S NI o
Thus, the ultrafast femtosecond relaxation does not correspond YRt = Z z A (RR,PLyD (1R (1)

I

Theory
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the simulation to allow for nonadiabatic effects, and the nuclear simplified approach here, exploiting the analogy to classical
Schralinger equation is solved in this basis to determine the mechanics suggested by the evolution of the nuclear basis
time evolution of the electronic population. Because of this functions.

adaptive expansion, i.e., “spawnind\i(t) in eq 1 will in general Consider a single localized nuclear basis function orithe
increase with time. The nuclear basis functigh@®R,P!,y}) electronic state centered R(t) and a probe pulse applied at
are multidimensional products of complex Gaussians and time t with carrier frequencyiwpone We assume that the
parametrized by their average positions and mom@kﬁtand electron ejection event is ultrafast. Therefore, we assume that

P! as well as a semiclassical phase factgr The average the transiti(_)n is fully vr_er_ti_cal in What follows; i.e.,_ the _nuclear
positions and momenta evolve according to Hamilton’s equa- Wave functions of the initial and final states are identical. The
tions, and the semiclassical phase factor evolves as the time€lectronic wave functions of the photodetached states are defined
integral of the classical Lagrangian. The electronic basis @S |¢a®,L) Wherea labels the adiabatic electronic state of the
functions ¢(r;R) are defined as solutions of the electronic cation andz is a composite index containing the quantum
Schradinger equation in the adiabatic representation at the numbers of the scattering orbital describing the ejected electron.

nuclear geometry given bR, The complex coefficients:(t) Within the electric dipole approximation, the instantaneous
evolve according to the time-dependent nuclear Stihger single-photon-induced ionization rate at timiato final states
equation in the time-evolving basis set, i.e., corresponding to theth cation core is given by
. = P_,®OY P_,(® (4)
K, K _ JK Ky ~K
; S 6 =i ; (Hj — ISk &) o ; o

. . . . L= and
is solved simultaneously with the equations of motion Fﬂhr

P!, and y.. The overlap, right-acting time derivative, and ‘ % .a EFz Sy
Hamiltonian matrix elements have been used in eq 2 P () 0 1112190, [ O(hewprone V'(_R(t))
Vu(R(1)) — €(n)) (5)

Sk = Bl b B -
where & is the polarization vector of the lightz is the
3%;5 E electronic dipole operato¥, andV, are the adiabatic electronic
— Pkl 3) PES’s of the neutral and cationic states, anid the kinetic
at energy of the ejected electron corresponding,tdr he transition

K | |9
sk = Qj¢J
IK 3, K dipole matrix element can be expressed in a second quantized
Hic = Bl Hlxc o fOEm as P f

whereH is the full molecular Hamiltonian operator including
the nuclear kinetic energy and the electronic potential energy
surfaces (PES’s) and nonadiabatic coupling terms (NACs). The
electronic Schidinger equation is solved simultaneously with =
the nuclear dynamics to obtain the PES’'s and NACs. The
electronic states are taken to be orthonormal as indicated in eq ) . ) .
3. The saddle point approximation is used to compute the wherea andbla_b_el orbitals obeying either bound or scattering
potential part of the Hamiltonian matrix elements, which requires Poundary conditions ang labels only bound orbitals. Since
evaluation of the PES’s and NACs at intermediate geometries W& are not p_resently interested in the detailed angular distribu-
for each unique pair of trajectory basis functions. Complete fion of the ejected electrons, we replace the unknown bound-
details of the AIMS method can be found in the literattié? free matrix elementgp, with an average valud,
and its applicability to photoinduced isomerization and excited- T

)3 ms.|a,,|¢>at112f,7

P
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state proton transfer has been demonstratét. |l & 'ﬂ|¢’a¢n[]]2 ~
In this work, the simulation results are directly compared to
femtosecond pumpprobe TRPES experiment$n the TRPES s 5
experiments, the energy of the emitted electrons is directly f,/ = ‘Dﬂ’wpﬁ (1)
measured. Consequently, higher-order multiphoton processes ) - ) )
would unavoidably be observed if present. The experiments have This separates the transition matrix element into one term
been performed under conditions where multiphoton ionization that discriminates betwegn d|ﬁer¢nt electronic cation final states
is negligible, simplifying both the experimental interpretation and a second term that is dominated by the kinetic energy of
only to the photoelectron yield, obtained by integrating the “corresponding” and “complementary” ionization correlations,
TRPES spectrum over all possible kinetic energies of the ejectedWhich can be very helpful in disentangling electronic and
electrons. vibrational dynamics in TRPES experimeft$2 Summing over
In principle, a complete calculation of photoelectron yield final states with equivalent kinetic energyof the departing
requires consideration of the continuum of final states for the €lectron and assuming that the average transition dipole moment
free electron and calculation of boundary-free transition dipole f, depends only or yields
matrix elements. A number of approaches have been presented + 5 ~
for calculating time-resolved photoelectron spectra and applied Pi—(€:t) U z @I'apkpaq] f(e)p(€)0(hwpope = IP1(R) — €)
in cases where analytic potential energy functions were P (8)
available?5-30 Although direct application of these approaches
is possible within the context of AIMS (because full electronic where p(¢) is the density of scattering states and,Ii® the
and nuclear wave functions are available), we employ a vertical ionization potential from thih electronic state of the
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neutral to thexth electronic state of the cation. Experimentally, with 1P, — A, where

it is often observed that the photoionization cross-section is only

weakly dependent on the kinetic energy of the departing A = VCASP”(RFC)

electron, at least for relatively low energi€sThis is because CASPT
VEFR) —

the density of scattering states is an increasing functioa of FC

while f(¢) decreases with increasing This is theoretically - . .

modeled by treating the produtfe)p(e) as a constant for all and Rec is the Franck-Condon point. This ensures that the

IPvemcaI expt+ AE\é(Zelrtmal .expt (12)

electron kinetic energies leading to predicted kinetic energy of electrons ejected immediately after
photoexcitation to $(i.e., when the pumpprobe time delay
U 2 _ B — is zero) is in coincidence with the experimental value.
. o(h P (R 9
o |ap|¢(1[‘] (Rprope~ IP1a(R) =€) (9) The procedure as described so far models the photoionization

pulse as an instantaneous interaction between the molecule and
The first term in eq 9 is referred to as the “electronic factor” in the radiation field. Furthermore, the AIMS method, as used in

what follows, and it provides a measure of the degree to which this paper, models the excitation as an instantaneous process
the neutral electronic state is compatible with a given cation @lso. In a realistic experiment, the pump and probe pulses are
core for a single photon transition. The electronic factor is both of finite time duration, and it is important to incorporate
closely related to the Dyson orbitals that have been usedthis in the modeling procedure. We convolute the signal
previously to analyze photoelectron speétrg® We generalize predicted by instantaneous excitation and ionization according
eq 9 for the case where the AIMS wave function is composed t0 the known pump and probe pulse durations in the TRPES
of many different nuclear/electronic basis functions by incoher- €xperiment. Thus, given transform-limited pulses with the
ently averaging over the basis functions envelope function

P(et)DZ

where n:(t) represents the 'lvedin population in the corre-
sponding nuclear/electronic basis functf@rizinally, the pho- PCO”VO"’tht’) __ 1

toionization probability is given as a sum over all possible cation ion _—
cores and an integral over all possible electronic kinetic PP

energies / 2
Opp = pump + Oprobe (14)
Pion(t) = z We, j(‘) Pa(e’t) de (11) Results
[

In our AIMS simulations of uracil and thymine, the electronic
wherew, is a weighting factor that can in principle be fit to  Schrainger equation is solved using SA-CASSCF with eight
compensate for some of the averaging that has been done irelectrons in six orbitals, i.e., SA-3-CAS(8/6). The 6-31G* basis
eqgs 7 and 9. In the present work we make no attempt to fit sef839was used in all calculations. Results are averaged over
these weighting factors, and they are all set to unity. 12 simulations where initial positions and momenta are ran-

In many cases, the electronic wave function used in the AIMS domly selected from a harmonie & 0) Wigner distributioA?
dynamics will not be sufficiently flexible to calculate accurate constructed from the SA-3-CAS(8/6) Bequencies at the MP2-
ionization potentials. For example, the vertical excitation optimized Franck Condon point. The lowest excited electronic
energies obtained in a state-averaged complete active space seltate $ (n — 2*) in both thymine and uracil is optically dark,
consistent field (SA-CASSCF) treatméhare often too large and thus the dynamics begin on the bright(8 — 7*) state.
because dynamic electron correlation effects are neglected. SincéVe followed the dynamics for 500 fs. All calculations are
the ionization potential itself is usually more accurate than the carried out in the full dimensionality of the molecules.
excitation energies, this implies that ionization potentials from  Previous work has established that afSgminimal energy
excited electronic states will be too low. Another potential issue conical intersection (MECI) lies below the FC point in uraéil
is that the electronic structure requirements for the cationic statesand thyminé® It has been suggestéthat quenching through
may be different from those for the neutral ground and excited this MECI might be responsible for the experimentally ob-
states. For example, an active space that is large enough tcserved?*3 broad and structureless absorption spectrum of
describe the neutral may not be large enough to describe theisolated uracil and thymine. Thus, we were surprised to find
important electronic states of the cation. The results can thusvery little (<10%) quenching to Swithin the first 500 fs of
be considerably improved (1) by using more sophisticated dynamics for both uracil and thymine, as shown in Figure 1.
excited-state electronic structure methods to calculate theWhile some quenching to;Ss observed, this only occurs for
ionization potentials along the centers of the trajectory basis very few of the trajectory basis functions. However, as shown
functions determined in AIMS and (2) by introducing a constant in Figure 2, there is rapid structural relaxation after photoex-
shift of the computed ionization potential. We have found citation to S, consisting of lengthening of thes€Cg bond,
second-order multireference perturbation théo@€ASPT2) to pyramidalization around £and lengthening of the,&£ O, bond.
be a good choice for computing ionization potentialsis (The numbering of atoms used is given in the inset to Figure
includes both multireference (static correlation) and dynamical 2.) This rapid relaxation out of the FC region on the excited
electron correlation effects. A constant shift is determined by state may be responsible for the observed broad absorption
computing the ionization potential at the Franr¢kondon point spectrum.
and comparing it to the experimentally determined value. However, a femtosecond decay component has also been
This correction is incorporated by replacing,/Rn eq 10 observed for both thymine and uracil in pumprobe experi-

1 — (t—t~PUmp2, 2
|ap|¢a|:‘] 6(hwprobe IPIoL(RI) - 6) fpump(t) =—=F¢ (P 20pums (13)
(20) pump 27
the convoluted signal is calculated from eq 11 as

[ e et~ dt
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Figure 1. Population on &(xr*) after photoexcitation for uracil (left panel) and thymine (right panel). For each molecule, the gray lines show

the S population for each of the 12 initial conditions, and the black lines show the average over all initial conditions. Very few nonadiabatic events
are observed, and the total population arré&nains close to unity for the time period shown for both molecules. Molecular geometries near the

few observed quenching events are shown, and these involve significant distortions from planarity. In this respect, the quenching geometries are
similar to the minimal energy£5, conical intersection shown in the insets. (Three perspectives of the MECI geometry are shown for uracil and
thymine.)
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Figure 2. Average G—Cs bond length in uracil (left panel) and thymine (right panel) after- 7* (S;) photoexcitation as calculated with AIMS
dynamics. This bond length changes dramatically in the first 20 fs and is the bond length that changes most during the first 500 fs of dynamics on
S,. The G—Cs bond stretches on the excited state from its ground-state double-bond configuration to an elongated single bond in the first 10 fs and
then relaxes to the single-bond configuration corresponding to the minimura @miS minimum is also characterized by the H atom attached to

Cs bending out of plane, corresponding to a change in the hybridization fb@ planar spto tetrahedral spand the lengthening of the,€0,

bond. This rapid relaxation out of the FraneRondon region on the excited state may contribute to the observed broadening of the absorption
spectrum.

ments. As mentioned in the Introduction, this has been ascribedphotoelectron yield follow egs 10-12. The CASPT2 method with
to nonradiative transitions, at variance with the AIMS results an enlarged active space was used to calculate the ionization
shown in Figure 1. To verify the picture produced by AIMS, potentials required in eq 10. Specifically, we use SA-3-CAS-
namely, that neither uracil nor thymine undergo significant (10/7)-PT2 for the neutral molecule and SA-3-CAS(9/7)-PT2
surface crossing within the first 500 fs, we calculate the for the cation. The shift of the ionization potentials,in eq
photoelectron yield predicted by AIMS and compare directly 12, is set to—0.1 eV (for both thymine and uracil), which

to results from TRPES specttd.As discussed above, the ensures that the threshold probe wavelength that can induce
TRPES experiment measures energy-resolved photoelectrorphotoionization immediately after a vertical transition tp S
yield as a function of pumpprobe time delay. Here, we focus  matches that predicted from the experimental absorption mé&kima
on the total photoelectron yield, leaving comparisons of the full (5.1 and 4.8 eV for uracil and thymine, respectively) and vertical
TRPES spectrum to future work. Our calculations of the ionization potentiats' (9.6 and 9.2 eV in uracil and thymine,
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19 - tron signal does not correspond to a change in adiabatic
1'\5 electronic state but rather to relaxation on I8 principle, it is
0.8 ) _ possible that the decreased signal is due to a change in the
' Dy electronic character of the,Sstate, without accompanying
06 * nonadiabatic transitions. In other words, there could be a
k2] strongly avoided crossing of diabatic electronic states. Thus,
g 0.4 3 we have also examined the character of the electronic wave
i function on $ during the dynamics. The electronic wave
© function of the $ state is dominantly of biradical character, in
g 92y . agreement with the previous studies of Zgierski and co-workers
g Uracil using coupled cluster metho#sThe sg rehybridization of G
— and the lengthening of the;€0,4 bond result from this diradical
% ~ h formation. For the majority of trajectory basis functions (those
> 084 . h which do not reach the,f5; MECI), this assignment of Sas
5 ? @, T P2 a diradical state remains valid throughout the course of the
8 0s- ® : dynamics. Furthermore, the two active orbitals that are singly
% > J . n occupied in the dominant electronic configuration are unchanged
S o4 By @, ! o, at both early and late times, as shown for a representative
2 e T .\ trajectory in Figure 3. Thus, we conclude that the observed
= 02 E L4 decrease in the photoelectron yield is not due to nonadiabatic
transitions, neither through a conical intersection nor through a
" Thymine strongly avoided crossing. Examination of eq 10 shows that the
. : : : | . .
5 o onD L n ) only remaining factors that can lead to a decrease in the

photoelectron yield are variation of the electronic factor or
Time / fs ionization potential. The role of the electronic factor is discussed

Figure 3. Photoelectron yield as a function of pumprobe time delay in more detail below, but already from the observation that the

for uracil (upper panel) and thymine (lower panel). Predicted results electronic character is unchanged during relaxation proige

from AIMS dynamics simulations are shown as gray lines, and can infer that the ionization potential must be responsible for

experimental TRPES results from ref 1 are shown as black circles. the opserved decreased photoelectron yield. As the molecules

Throughout the first 500 fs, the lowestr™ state (S) is dominated by 010y o 5 the jonization potential increases, and ionization is

a configuration with two singly occupied orbitals, and¢,, indicating . . :

that the observed decay does not arise from a change in electronic Stategngrgetlcally forbidden given the chosen probq pulse energy.

This suggests that the femtosecond decay in the TRPES

respectively). The resulting AIMS-predicted sigi(t) was experiments may not be observed if a more energetic probe pulse

subsequently convoluted according to the pump and probe pulsd$ Used.
widths used in the TRPES experiment (160 fs), as in eq 14. The observed relaxation orp Svithout significant internal
The two lowest doublet cation electronic states are included in conversion to $ suggests the presence of a well-defined
the calculation, i.e.o. = Dg anda = D in eq 11. At the minimum on $. Thus, we searched for an Sinimum using
Franck-Condon point, these states correspond to electron the SA-3-CAS(8/6) wave function and starting from geometries
detachment fronar and n orbitals for [ and Dy, respectively. in the dynamics at later times @00 fs). Such a minimum was
At the probe pulse energy of 6.2 eV (200 nm) that was used in indeed located and has been overlooked in previous studies of
the experiment, these are the only two cation states that areuracil. Recently, Perun et al. found a similar rBinimum in
energetically accessible as early as 5 fs after photexcitation. thymine® The S minimum geometry that we located involves
The expression given for the electronic factor in eq 9 is most Significant out-of-plane distortion of the hydrogen atom attached
readily evaluated when the cation and neutral wave functions t0 Ce, as shown in Figure 4. To ensure that thjsi8nimum is
are expanded in a common set of orthogonal molecular orbitals.not an artifact of the electronic structure method used, we have
Furthermore, it is unlikely to be worth the effort to compute further optimized it using multireference perturbation theory
the electronic factor with CASPT2 wave functions since the With multistate corrections (MS-CASPT2)"’ as implemented
detailed nature of the continuum orbitals is not taken into i MOLCAS“8 The active space and state-averaging in these
account. Thus, we carried out a fully optimized state-averaged CASPT2 calculations was enlarged, SA-5-CAS(8/7)-MSPT2,
CASSCEF calculation for the neutral molecule at each geometry to ensure balanced treatment of the four lowest-lying excited
and a subsequent CASCI calculation for the cation using the states (two are a* and two arexrz*), as discussed in more
orbitals determined for the neutral molecule (at the given detail below. Gradients for MSPT2 were determined numerically
geometry) without further optimization. The electronic factor by central differences with a step size of 0.1 bohr. Optimized
was then determined using the usual Slateondon ruleg® bond lengths and angles from the MSPT2 optimizations are
The same active space and state-averaging is used in theshown in Figure 4 (in parentheses). ThexBnimum geometries
CASSCF/CASCI calculation of the electronic factor and the from CASSCF and MSPT2 are very similar, and both show
subsequent CASPT2 calculation of the ionization potentials. the out-of-plane distortion of the hydrogen atom and a slight
Figure 3 compares the predicted (AIMS) and observed Puckering of the ring.
photoelectron yieltlin uracil (upper panel) and thymine (lower We also carried out searches for th#Sp MECI using both
panel). The computed and measured signals are in excellentCASSCF and MSPT2. For the MSPT2 optimizations, MECI
agreement, verifying the AIMS simulations. Since Figure 1 geometries were optimized using a new algorithtAthat does
shows that there is negligible nonradiative relaxation, one is not require NACs. The resulting2&; MECI geometries are
forced to conclude that the femtosecond component in the decayshown in Figure 5. These MECI geometries are similar to those
of the experimentally and computationally observed photoelec- previously reported in both uraéind thyminé As in the case
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Figure 4. Optimized geometries for uracil (upper panel) and thymine (lower panel) def§ and S (right). Optimizations were carried out using
both CASSCF (SA-3-CAS(8/6)) and MS-CASPT2 (SA-5-CAS(8/7)-MSPT2) methods. Selected bond lengths and angles are shown (CASSCF in
normal text and CASPT2 in parentheses), with boldface highlighting the parameters that change most upon relaxaéfiarqrzhStoexcitation.
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Figure 5. Optimized geometries for &5, MECIs in uracil (upper Time / fs
panel) and thymine (lower panel). Optimizations were carried out using Figure 6. Photoelectron yield from ionization toXblue) and Q
It\)/loglg$§S§1§;c§§?-38-32§t(e%6)t))o?%d I?r?égl?S:rLz ;ﬁg{gg’cgz(ss/zzwn(g?een) that comprise the t())/tal signal (gray). The Io_w[e:(st (_:aiion electronic
(CASSCF in normél text and CASPT? in parentheses). state B, az-hole cation, contrl_butes most to t_he signal in the first 500
fs. Dy, an n-hole cation, contributes to the signal later in time, as the

of the S minimum, the CASSCF and MSPT2 results are quite Molecule leaves the planar configuration.
similar. These geometries can be compared to the representative
molecular configurations near the few observed internal conver- electronic wave function onto the electronic states of the cation.
sion events shown in Figure 1. For uracil and thymine, one thus expects that thstdte will

It is interesting to examine the role of the electronic factor ionize primarily to Oy, accomplished by ejection of the electron
in detail. The initially populated Sstate is dominantly of 4az* in thez* orbital. In contrast, ionization to Drequires ejection
character, while the two lowest-lying electronic states of the of the z* electron and accompanying—+ & excitation. The
cation are of Az and n7? character ([ and Dy, respectively). expected ionization propensities are indeed observed, as shown
Under single-photon ionization conditions, molecules are often in Figure 6, which decomposes the photoelectron yield of Figure
observed to photoionize according to a Koopmans (frozen core) 3 into the components arising from ionization tg &d D, for
approximatior?>-52i.e., electron detachment is not accompanied uracil (upper panel) and thymine (lower panel). At early times,
by electronic rearrangement. The electronic factor of eq 9 the dominant contribution is from D while both O and D
embodies this propensity, since it is a projection of the neutral contribute at longer times. The origin of this behavior is made
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Figure 8. SA-5-CAS(8/7)-MSPT2 PES of uracil in mass-weighted
coordinates showing potential relaxation pathways connecting (1) the
FC point, (2) the gminimum, and (3) the $S, MECI. The path that
dominates the observed dynamics is shown as a solid arrow, and an
alternate barrierless pathway is depicted as a dotted arrow. The
analogous plot for thymine (not shown) is similar.

minimum is also~6.2 eV.) However, there is significant kinetic
energy distributed among the vibrational modes of the molecule,
. 1 . . . and ionization is not energetically allowed. The upper panel of
0 1 2 3 4 5 6 7 Figure 7 also shows that the cation states become degenerate
Mass-weighted Distance / A amu'? in the region of the $minimum. Thus, the adiabatic cation
Figure 7. Reaction pathway along,Sas probed by photoionization sf[ates are Of m_'XeO_' n-hole andhole Cha!’acter, which is why
TRPES experiments. The pathway is determined by linear interpolation Signal from ionization to both Pand D, is observed at later

in internal coordinates between ther8inimum, S minimum, and g times. This is clear in the lower panel of Figure 7, which shows
S, MECI, where the geometries in each case are optimized with SA- the electronic factors connecting ® Dy and D, along the same
3-CAS(8/6), as used in the AIMS dynamics. After excitation jotfe linearly interpolated path. For the most part, the electronic factor

molecule relaxes to an,Sninimum and may subsequently cross a to Dy is significantly larger than that to Dwith the exception

barrier to the §S; MECI. The lowest two cationic statespasz-hole : L .
cation, and B, an n-hole cation, are shown along this linear interpolation ©f th€ region near the;Sninimum where the two cation states

pathway with their corresponding photoionization propensities (elec- aré degenerate.
tronic factors), calculated as described in the text. Rapid relaxation to ~ The picture that emerges from both the AIMS dynamics and
the minimum on & leads to higher ionization potentials as well as subsequent electronic structure calculations is summarized in
changes in the photoionization propensities. In the Frandon Figure 8, which presents the otential energy surface in a
(ra?%(r);et(ilfa?ll ;'gr? d°g|§é?fgh ilggllliatll\?ga:(;hg%-r?i?rlle,l)ﬁ':st;aevar(:\?} dbl%th set of linearly interpolated coordinates that span the important
cation states become degenerate, and their photoi(;nization propensitiegnoIecular conflgu_rat|ons as best as possible. The .tWO coordi-
are similar. The electronic factor is calculated from the SA-3-CAs- hates used for the interpolation are roughly characterized as bond
(10,7) neutral and SA-3-CAS(9,7) cation wave functions, and the PES alternation (the rapid relaxation shown in Figure 2) and ring
is calculated with SA-3-CAS(10,7)-PT2 and SA-3-CAS(9,7)-PT2 folding (the strongly out-of-plane distortions including folding
(shifting the neutral states according to eq 12). The analogous plot for of the ring along the €-N3 axis needed to reach the/S;
thymine is similar (Figure S38 of the Supporting Information). MECI). The bond alternation coordinate is dominated by
lengthening of the &-Cs bond (to a lesser extent also the-C
clear in Figure 7, which traces the molecular geometry of uracil O4 bond) and subsequent out-of-plane distortion of the hydrogen
along a linearly interpolated path in internal coordinates atom bonded to & changing G from an sp to an sp center.
connecting the FranekCondon point to the Sminimum to These distortions are characteristic of the diradical character
the $/S; MECI. The endpoint geometries of this path cor- on S. The PES shown in Figure 8 was calculated using SA-
respond to the geometries optimized with the SA-3-CAS(8/6) 5-CAS(8/7)-MSPT2, and details of the collective coordinates
method used in the AIMS dynamics. The energies shown used may be found in the Supporting Information (Table S36).
correspond to those used (CASPT2) in the calculation of the The coordinates are mass-weighted so that the slopes along the
ionization potentials required in eq 10. The upper panel of Figure two directions may be compared. Although it is possible to reach
7 shows the energies of the neutral and cation states along thighe $/S; MECI directly from the Franck Condon point without
path. The ionization potential from,3ncreases significantly  any intervening barrier (dotted line in Figure 8), the slope of
going from the FranckCondon point to the Sminimum, and the S PES is steepest in the direction leading to the S
this increase is responsible for the observed decay of the minimum. Hence, most of the population relaxes directly to the
photoelectron yield. Notice that the molecule would remain S, minimum (solid line in Figure 8), whereupon barrier crossing
(barely) ionizable at the,Sninimum if it followed the depicted (dashed line in Figure 8) is required to reach th&SSMECI.
path. (The probe energy is 6.2 eV, and th#)g gap at the & It is natural to suggest that this barrier crossing emmy be
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Figure 9. Potential energy curves for uracil using SA-3-CAS(8/6) and SA-5-CAS(8/7)-MSPT2 levels of theory. Shown are the relaxation pathway
from the Franck-Condon point to the minimum on ther* excited state and barrier crossing from the minimum to tH&SVIECI. In both cases,

the energy zero is that of the Sinimum and the paths are obtained by linear interpolation in internal coordinates betwegmimengim, S

minimum, S transition state, and.£5, MECI geometries. Each of these minimum, transition state, and MECI geometries were explicitly optimized

for each level of theory. As expected, the vertical excitation energy is much lower using the more accurate MSPT2 level of theory. (Note the
different energy scales in the two plots.) However, the qualitative features of the two surfaces are the same, validating the use of SA-3-CAS(8/6)
for the AIMS dynamics. Similar agreement holds for thymine (Figure S39 of the Supporting Information).

the origin of the picosecond component of the lifetime observed TABLE 1: Relative Energies (eV) at Important Geometries
in the TRPES experiments, but confirmation of this suggestion of Uracil and Thymine Determined with SA-3-CAS(8/6) and
will require longer dynamics simulations and/or application of (in Parenthesis) SA-5-CAS(8/7)-MSPT2

statistical rate theories. Franck-Condon S minimum S/S; MECI
The picture of the dynamics that results from the AIMS Uracil

simulations has already been verified in part by location and s, 0.00 (0.00) 1.84 (0.85) 2.97 (1.75)
characterization of the,Snminimum and 9S; MECI for both St 5.11 (4.83) 4.09 (4.29) 5.67 (4.67)
uracil and thymine using a larger active space (eight electrons 7.36 (5.20) 5.72 (4.56) 5.68 (4.68)
in seven orbitals) and including dynamic electron correlation Thymine

with MS-CASPT2. However, we comment on various technical gi g-gg Eg-ggg }1-2613 gg-gi; g-gz 2411'2223;
issues here. First, the CASSCF results are not sensitive to the S 749 (5.17) 5.83 (4.47) 5.84 (4.71)

use of a larger active space or the number of states included in
the state-averaging procedure (three or five). Specifically, the *Geometries in each case are determined by full optimization at the
vertical excitation energies differ by less than 0.3 eV for both 9iven level of theory.

molecules using SA-3-CAS(8/6) or SA-5-CAS(8/7) wave func- . o

tions (Tables S31S33 of the Supporting Information). There between the & minimum, $ minimum, and &S, MECI

is also little difference between these two CASSCF methods in determined at the respective level of theory. As expected, the
linear interpolation plots such as that shown in Figure 7. vertical excitation energy is much smaller in the MS-CASPT2

However, there is a large difference (0.8 eV) in the MS-CASPT2 calculation, and therefore the energy scales of the two plots are
vertical excitation energies for these two CASSCF wave different. Nevertheless, the main features of th®ES are seen
functions. Importantly, this does not arise because of reorderingt0 be similar in both cases. Estimated barrier heights (upper
of the states but rather because of mixing between the two lowestoounds to the true barrier heights) along this linear interpolation
zr* and between the two lowestrh states induced by dynamic ~ Pathway connecting the;$ninimum with the $/S; MECI are
correlation, i.e., through the multistate correction procedure. On 0-16 and 0.28 eV for uracil and thymine, respectively. This
an absolute scale, the amount of mixing is rather small with demonstrates that our conclusions from the AIMS dynamics
the dominant coefficient being greater than 0.93 (Figures S3 remain valid in light of the more accurate potential energy
and S4 of the Supporting Information). However, the energetic surface from MS-CASPT2.

consequence is especially large at the Frar@kndon point. Table 1 summarizes the energetics of the important points in
When the two correlating higher states @d S, which are the AIMS dynamics determined at the SA-3-CAS(8/6) and SA-
n* andsr*, respectively) are included, the MSPT2 vertical 5-CAS(8/7)-MSPT2 levels. Interestingly, the ®inimum and
excitation energy drops from 6.11 to 5.20 eV for uracil and the $/S; MECI are predicted to be nearly degenerate with each
from 6.19 to 5.17 eV for thymine. Thus, the SA-5-CAS(8/7)- other, at both the CAS and the MSPT2 levels of theory. This
MSPT?2 prediction for the vertical excitation energy of uracil is implies that only direct calculation of the dynamics (as we have
very close to the experimentally obser{&absorption maximum done here) can determine whether the molecules will access
at 244 nm (5.08 eV). In Figure 9, we compare the PES’s from the MECI directly or first relax (perhaps only partially) in the
SA-3-CAS(8/6) used in the AIMS dynamics and SA-5-CAS- S, minimum. As shown in Figure 8, the observed population
(8/7)-MSPT2, which is able to reproduce the experimental trapping at the Sminimum arises because the mass-weighted
vertical excitation energy. The path chosen in each casedistance from the FC point to the $inimum is smaller than
corresponds to linear interpolation in internal coordinates that from the FC point to the £5, MECI. This is primarily
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because there is little out-of-plane distortion of the heavy ring
atoms at the Sminimum.

Conclusions

Quantitative agreement between AIMS and TRPES experi-

Hudock et al.

(11) Ullrich, S.; Schultz, T.; Zgierski, M. Z.; Stolow, Al. Am. Chem.
Soc.2004 126, 2262.

(12) Satzger, H.; Townsend, D.; Zgierski, M. Z.; Patchkovskii, S.;
Ullrich, S.; Stolow, A.Proc. Natl. Acad. Sci. U.S.£2006 103 10196.

(13) Canuel, C.; Mons, M.; Piuzzi, F.; Tardivel, B.; Dimicoli, I.;
Elhanine, M.J. Chem. Phys2005 122, 074316.

(14) Kang, H.; Lee, K. T.; Jung, B.; Ko, Y. J.; Kim, S. K. Am. Chem.

ments shows conclusively that the femtosecond decay observedsoc.2002 124, 12958.

in uracil and thymine is due to relaxation to ap 18inimum
andnotto electronic quenching. Although some crossing from
S, to S via the $/S; MECI is observed with AIMS, the
dominant behavior in the first 500 fs is relaxation to a true
minimum on $ with diradical character, where the€Cs and
C,—0O,4 bonds lengthen and the sCcenter undergoes %p
rehybridization. This rapid relaxation on the excited state may
be responsible for the broad absorption spectrum, previously
thought to be due to rapid electronic quenching.

Barrier crossing on Sto the $/S; MECI) may be responsible
for the picosecond lifetime that is subsequently observed. As
this barrier crossing involves out-of-plane motion of the H
attached to € (which is CH; in thymine), the difference in
picosecond lifetimes may also have a large kinematic compo-
nent. To confirm this suggestion, longer dynamics runs and
application of statistical rate theories are underway.

The excellent agreement between theory and experimentPh

establishes the accuracy of the AIMS approach to dynamics of
electronically excited states and demonstrates its utility in

interpreting TRPES experiments. Work is in progress to extend
these results to longer time scales, following the excited-state
relaxation of thymine and uracil topSWe are also working to

incorporate aqueous environments using hybrid quantum me-

chanics/molecular mechanics methods within AIRES.
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