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The theory of IR-X-ray pump-probe spectroscopy beyond the Bot@ppenheimer approximation is
developed and applied to the study of the dynamics of intramolecular proton transfer in glyoxalmonoxime
leading to the formation of the tautomer 2-nitrosoethenol. Due to the IR pump pulses the molecule gains
sufficient energy to promote a proton to a weakly bound well. A femtosecond X-ray pulse shapshots the
wave packet route and, hence, the dynamics of the proton transfer. The glyoxalmonoxime molecule contains
two chemically nonequivalent oxygen atoms that possess distinct roles in the hydrogen bond, a hydrogen
donor and an acceptor. Core ionizations of these form two intersecting core-ionized states, the vibronic coupling
between which along the OH stretching mode patrtially delocalizes the core hole, resulting in a hopping of
the core hole from one site to another. This, in turn, affects the dynamics of the proton transfer in the core-
ionized state. The quantum dynamical simulations of X-ray photoelectron spectra of glyoxalmonoxime driven
by strong IR pulses demonstrate the general applicability of the technique for studies of intramolecular proton
transfer in systems with vibronic coupling.

I. Introduction or acceptor oxygen of GM leads to the formation of t#d
core-ionized diabatic states that show a crossing of their potential

A . ) o curves along the OH stretching mode related to the intramo-
high inherent spatial resolution. The monitoring of the molecular lecular proton-transfer channel in glyoxalmonoxime. The vi-
dynamics poses a great challe_nge_ for )_(-ray_ spectroscopy duebronic coupling of these states of the same symmetry partially
to the large number of applications in different areas of

fundamental scien nd technol Nowad we have th delocalizes core-holes and affects the dynamics of the proton
undamental science and technology. Nowadays We have €., ssar in the core-ionized state. Ordinary XPS technology is
possibility at hand of monitoring femtosecond nuclear motion useless here because it maps the dynamics in the narrow
using _X-ray pulses provided by high-harmonic generation, Franck-Condon region near the equilibrium; however, a
n’h'Chb's on% of slevergll sou[r%(;sgf ultra?hortlx)-(ray puLsets that coherent IR field changes the situation qualitatively. Indeed,
ave been developed recertly. Lonventional A-ray pnoto- due to the IR pump the molecule gains sufficient energy to
electron spectroscopy (X_F’&)Nes rather restnct_ed _|nfo_rmat|0n romote the proton to the weakly bound proton-transfer well
about the nuclear dynamics because the photoionization happen hich is 0.899 eV higher in energy than the global minimum '
In & quite narrow FranckCondon region n.ear.the ground-state The IR induced nuclear wave packet performs back and forth
equilibrium. As demon;tra’Fed recenfiy? thls.d|fflculty can be routes from GM to NE wells. Now the probe X-ray pulse can
overcome by the application of a strong mfra_red (IR) pulse, excite the molecule in different regions of the core-ionized
which prepares a coherent superposition of V|brat|on§1I Statespotential and can thereby monitor the dynamics of the proton-
e e e sy o 7SI SCOMpaIed by the roni coupng.
explore the nuclear dynamics in ground and core-ionized States'thgrS—?éTazf;E;gﬁggé ggircl)sség;Ci)?rtitéciar:galrrrll\(l)?esgglztre
The basic physics underlying HRX-ray pump-probe spec-

troscopy was exemplified in our previous study of the proton proton transfer in glyoxalmonoxime, the dynamics of which is
transfer in the water dimér.In this Article we study the accompanied by the vibronic coupling of intersecting core-

. . . - ionized states. An unusual feature of the studied system is that,
intramolecular dynamic of proton transfer in glyoxalmonoxime

. ; . compared to the common situation when the vibronic coupling
E(N;Ihz/l)) I:gd;nr%tc;ggggto;tr;; ?\t'g? t?]fetge tigfcmhigzanr'ggrseoig]ni%o;nlocalizes the core hol¥;11 one here faces the opposite effect,
and I,arger organic molecular systel?g namely, a partial delocalization of the core hole caused by the

Gl | . tains t hemicall valent vibronic coupling. The vibronic coupling even results in a core
yoxalmonoxime contains two chemically nonequivalent ., o hopping. This makes the physics rather intriguing because
oxygen atoms @ and Q that possess distinct roles in the

hydrogen bond wherein Qs a hydrogen donor andOs a the interaction with light pulses is followed by the simultaneous

L action of the nuclear dynamics (proton transfer) and electronic
hydrogen acceptor. The ionization of the 1s electron of the donor dynamics (core hole hopping).

- I The outline of the paper goes as follows. We begin with the
* Corresponding author. E-mail: viviane@theochem.kth.se. e . . . .
t Royal Institute of Technology. description of the model in section Il. The theoretical machinery
* Universidade Federal de Minas Gerais. is described in section lll. In section IV we outline the numerical
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X-ray science sheds light on the structure of molecules due
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yl H. . minimum of Ey(q) occurs atgp = 1.74 au and corresponds to

- - 0, o, the tautomer GM. Here and belowvis the projection of the
| | — || | O;H bond on thex-axis, Figure 1. The increase qfup to 3.05
NQC/C ~H N\C¢C ~4 au leads to the intramolecular proton transfer in GM, resulting
| | in the formation of the NE tautomer, which is 0.899 eV higher
H H in energy. The NE well is quite shallow, being approximately
GM NE 0.04 eV more stable than the transition state that occus=at

2.75 au.

When the intensity of IR field is zero, the XPS transitions
T ' | ' occur from the bottom of th&gy(q) well to the points of the
vertical transitions GM and GM. Thus without an IR field,

Eq (@) Eo 1)@ 1 one can expect to see two XPS bands &GiWid GM (Figure

- 2). The band GMhas a larger vibrational broadening than the
GM2 band due to the quasidissociative character ofE§gsy

(q) potential in the region of the vertical transition. A strong

- IR pulse changes qualitatively the X-ray photoelectron spectrum.
Indeed, the coherent IR field excites higher vibrational levels

] and forms a nuclear wave packet that can approach the proton-
i transfer NE well § = 3.05 au). The XPS transition from this

7 well results in two new bands NEand NE (Figure 2).

Contrary to the ground-state potentigd(q), the diabatic
01(1 s71) and Q(1 s 1) core ionized states possess asymmetric
- single well potentiald€s(q) = Eo,1s4(q) andEx(q) = Eo,us
—o (243015 ] 1y(g) (Figure 2). In the diabatiEo,1s % potential, the minimum
energy is located afj = 1.69 au, being rather close to the
/- equilibrium g = 1.74 au. On the other hand, th& s
potential is deeper on 0.41 eV than thg(Ds™*) well and its
minimum is shifted to the proton-transfer regioncat 3.20
e anea—aae au. The vertical @1 s 1) and Q(1 s™) ionization potentials
from the GM equilibrium position in the ground state are 538.61
and 539.72 eV, respectively. TE®,1s*) andEo,s?) potentials
show a crossing a; = 2.18 au. Vibronic coupling (VC) mixes

Figure 1. Glyoxalmonoxime (GM) and 2-nitrosoethenol (NE).
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Figure 2. Potential energy curves of ground and core ionized states
along a Cartesian coordinaterelated to the proton-transfer channel.

Dashed lines mark the adiabatic potentiglgq) (21) for Ag. = 0.3 these diabatic states. Let us explore in detail the role of the
eV. The minimum ofEqy(q) is situated afp = 1.74 au. The diabatic  vibronic coupling on the dynamics of the proton transfer and
potentials cross each other in the pojpt= 2.18 au. on the X-ray pump-probe spectra.

procedure. The result of our wave packet simulations of the Ill. Theoretical Methodology
X-ray pump-probe spectra of the GM molecule are presented

in section V. Section VI comprises a summary and attempts to ment includes the preparation of the initial nuclear wave packet

offer.a broader perspective of X-ray purprobe tephnlqug N followed by the X-ray transition to the coupled core-ionized
studlgs of the proton-transfer process accompanied by V'bron'cfinal states. We begin from the step of formation of the wave
coupling.

A quantum dynamical treatment of the pumprobe experi-

packet.
A. Ground-State Wave Packet Induced by the IR Field.
II. Model The IR radiation creates a coherent superposition of the
We consider ordinary OK X-ray photoionization of the GM V|brat|c_)nal levels or wave packep(t) in the ground-state
potential Eq(Q)

molecule (Figure 1) as well as the photoionization of this
molecule driven by a strong IR field in the ground electronic —le,t

state. The interaction of the IR radiation with core-ionized (= Zau(t)lv@ ' BOIOE=1 (3)
molecules is absent in the studied case because of the delay of

the short X-ray pulse relative to the IR pulse. Among the various wheree, and|vCare the vibrational energy and eigenvector of
conformations of the molecular structures of GM and NE the ground electronic state, respectively. Thus the X-ray
tautomers? we choose those presented in Figure 1 that make photoionization starts from the prepared initial molecular state
propitious the intramolecular hydrogen bond. To model the W = y¢(t) exp(—:Eqt). Herey is the electronic wave function
proton transfer that occurs along tkexis (see Figure 2), we  of the ground state, arfeh = Eo(q) is the energy of the bottom
explore the one-dimensional dynamics of hydrogen along this of the ground-state potential that corresponds to the GM isomer,
axis with other nuclear degrees of freedom kept frozen. It is Figure 2. The nuclear wave packet (1) obeys the Stihger
worth nothing that the IR field can excite also other vibrational equation

modes that are close in frequency (such as theHGnode).

However, the excitation of these modes does not influence the a3 —H
: . ; , I=o(t) = H(t) (1)
proton transfer directly. This motivates us to use a simple 1D ot
model that takes into account the major contribution to the effect. H(t) = H, — (dE (1)) cos t + ¢,) (2

The potential energy curvgy(q) of the ground electronic state
of the GM molecule along the nuclear coordingtshows an with the initial condition|¢(0)0= |01 Hered = doo(q) is the
asymmetric double well shape; see Figure 2. The global dipole moment of the ground electronic stefg(t), ¢ andw,
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are the strength of electric field, phase and frequency of the IR Equation 7 describes the dynamics of the wave pagkeéx
field, respectively. In our model the nuclear Hamiltonian of the in the two coupled core ionized states with the nuclear
ground state is nothing other than the Hamiltonian of the Hamiltonian

hydrogen atom

H,; H
Ho=—-L % e @) "= (Hz Hz) “
) ) ) Here the diagonal terms
wheremy is the hydrogen mass. It is worth nothing that the
reduced massw(M — my)/M is replaced bymy because the 1 P
ratio of hydrogen mass to the total molecular mass is smaM Hpn=— P +E(@—-E, n=12 9)
~ 0.003. We ignore the small lifetime broadening of the M dq

vibrational levels of the ground electronic staf® " = 1 ps).
This time is much longer than the delay time and duration of
the X-ray pulse considered in this article. Let us note that the
spatial phasek, -q andkx-q are ignored in the remaining part
of the Article. The role of these phases can be important in
some cases as was already discussed in ref 13.

B. Evolution of Nuclear Wave Packets on the Two
Coupled Core lonized Statesln this section we explore the

describe the independent nuclear motion in the diabatic poten-
tials En(q) = [@n|HellynJof the core-ionized electronic states

n-

A special comment deserves the off-diagonal terhigs,
which are responsible for nonadibatic transitions. Two different
approaches are used to deal with such a problem, namely, the
differential form of the VC operator

dynamics of the nuclear wave packet excited by weak X-ray 1 d  [dC(q)
radiation on the core ionized states. The ionization of one Hip,=—H, = ——[zclz(q) _+( 12 )]
electron in Q(1s) or Q(1s) orbital of glyoxalmonoxime (Figure 2my dg da

1) generates respectively the diabatic electronic stgtgsand u} d D

-] which show a crossing of their potential energy curves Cl0) = 1(V:Q)‘ dq P,(r,a) (10)

Eo,as-1) = Ea(g) andEo,is-1) = E2(q) at the nuclear coordinate

d= qc; see Figure 2. The total wave function of the core ionized and the linear scalar Herzbergeller representatiéf
states is written as

Wo = (1) + () (4)

whereE; is defined as the lowest energy between the two core
ionized potential&;(q) andEx(q); 11 andy, are the electronic
time-independent wave functions of the core ionized states in
the Born-Oppenheimer approximation. The nuclear wave
packetsp; andg, of the electronic stateg; andy,, respectively,
form the two component nuclear wave packet of the core-ionized

Hi,=H, =49 (11)

that is equivalent to the linear coupling model of Cederbaum
et al.1° for constantl parameter. This simple model is quite
useful for treating nonadiabatic cases where small molecular
distortion motions are involved close to a reference molecular
geometry, usually the electronic molecular ground-state geom-
etry, and the scalar or Herzbergeller (HT) representation.
These representations differ from each other in the electronic

state wave functions that depend parametrically on the nuclear
|y (t) coordinates in the former case, whereas the electronic wave
9 (t) L= 16.(0) (%) functions are taken in a fixed nuclear geometry in the second
2 caset® Both approaches should give the same result if the total
which obeys the coupled equations function is expanded over a complete electronic basis set. We
5 use the scalar form of the VC operator (11) because the HT

1910 = Hyuy (1) + Hizp(1) + Vi (1) representation is preferable from the numerical point of Vigw.

The only exception is section VC.2, where we model the
9 vibronic couplingHj, by a Gaussian.
21920 = Haua (D) + Hagpp(t) + Voo 4(1). (6) C. Probability of X-ray Photoionization of Molecules
Driven by a Strong IR Field. One can solve directly the
It is useful to write down the matrix representation of these coupled equations (6) to find the photoionization cross seéfion.

equations However, this numerical scheme is rather expensive, because
9 to obtain a spectrum we need to solve equations for each value
o (D) = A o[(t) + V(1) o(t) of the photoelectron energy We follow instead an alternative
technique based on the fact that the photoionization probability
V() = (Vlo(t)) is the norm of the core ionized wave packet in the frequency
Voo(t) domain

s.0=(70)

whereVyo(t) = —(Dno*Ex(t)) cosxt) expl(e + E; — Eg)t) is
the matrix element of the interaction between the molecule and
the X-ray field; e is the energy of the photoelectrony, ex,
andEx(t) are respectively the frequency, polarization vector and
the electric field of the X-ray fieldEx(t) = exEx(t); andDno is

the transition dipole moment of the core ionization of the oxygen —o —
e W p@o= [ dte M E@lg M0 n=1,2 (13)

() P(Q) = ()@ (Q)T= [91(Q) 191 (Q) T () 19,(€2)0]
(12)

This and the equations below generalize our previous results
obtained for nuclear dynamics in a single excited electronic
state817The Fourier transform of eq 7 gives a two-component

wave packet of the core hole state in the frequency domain



12808 J. Phys. Chem. A, Vol. 110, No. 47, 2006

core—excited state

9,1

€
° > o
0 o(t) t

ground state

Figure 3. Time loop used for the calculation of the wave packet in
the core excited potential surface. IR field creates the nuclear wave
packetg(t) in the ground-state well, which evolves from the moment
0 up tot. At the instantt, the X-ray field promotes the ground-state
wave packe(t) in two coupled core-ionized states. The wave packets
@1(t) andg,(t) evolve in the core-ionized states in the inverse direction
from momentt up to 0.

which is the Fourier transform of the new wave packet

t
=7

- (8]

6= 3(D58)

) = ¢"5g()

(14)

HereQ = BE — Isis the relative binding energy (BE wx —
€), wherel,s = E; — Eg is the smallest adiabatic core ionization
potential (between the wells 1 and 2); the lifetime broadening
of the core-ionized statE; = 0 is neglected here and below.
Contrary to the wave packet(t) (7) the wave packep.(t)
does not depend on the photoelectron enerd@jue to such an
essential advantage we uggt) instead ofp(t) in the numerical
simulations. The calculation af¢(t) is performed along the
contour (Figure 3) where the ground-state wave pagkgt2)
evolves from the moment O up toThe X-ray field promotes
¢(t) at the instant in the two coupled core-ionized states where
the newly formed wave packet.(t) evolves in the inverse
direction from moment up to 0. The dynamics in the inverse
direction is seen from the fact that the wave padkgft) =
@c(0}) is the solution of the Schdinger equation

) = AT (15)

from ¢ = t till 0 with the initial condition ¢¢(t,t) = Zo(t).
Equation 12 shows that the total XPS probability is the sum

of the partial probabilitie®1(2) = [1(RQ)|@1(R)Hand Py(RQ)

= [p2o(RQ)|p2(R2)Orelated to the two photoioization channels

04(1 s} and Q(1 sY), respectively.

IV. Details of Numerical Simulations

A. Computational Aspects.The 1D-simulations of X-ray
pump-probe spectra are performed for the GM molecule
depicted in Figure 1. As already mentioned, the calculations
are done along the nuclear coordingtevhich is the projection
of the OH bond on the«-axis. Other nuclear degrees of freedom
are frozen.

The diabatic potential energy curves of the ground and core

Felicissimo et al.
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Figure 4. Dependence of the permanent dipole moment components
dn(g) of the GM molecule in the ground state on the nuclear coordinate
q.

ionization potentials of the oxygen atoms:; @ = 538.19

eV) and Q (IY = 538.60 eV). The XPS spectra are computed
versus the binding energy (BE wx — €), @ = BE — |(11g with
respect to the smallest adiabatic ionization potential, 538.19 eV.

The simulations of spectra are divided in four blocks: (1)
calculation of the nuclear wave packet (Wif}) driven by the
IR pulse in the ground electronic state, solving numerically
the Schidinger eq 2, (2) evaluation of the two-component
nuclear wave packetc(t) (14) in the two coupled core-excited
states with the Hamiltonian (8), (3) Fourier transforg(<2)
(13), of the wave packep.(t), and (4) calculation of the norm
[p(R2)|p(R2)[] which is nothing other than the probability of
X-ray ionizationP(<Q) (12).

The IR—X-ray pump probe spectra are computed using the
wave packet techniques implemented in t&®ec progrant!

A second-order differential scheme is used in the calculations
of ground and core ionized wave packets with a time step of 5
x 1075 fs along the nuclear coordinatgfrom 0.95 to 3.97 au
using a spatial discretization of 310 points.

The lifetime broadenings of the ground-state vibrational levels
as well as of the core-ionized state are neglected in calculations
due to rather short IR and X-ray pulses.

B. Shape and Parameters of the Light PulsesThe
following relation between parameters in atomic units and in
Sl units are used in the calculationskE ¢au) = d (debye) x
VI(Wien?) x 2.1132x 1070 au, Qt (au)= Q (au) x t (fs) x
41.3417. Heré = ceg|E(t)|%/2 is the intensity of radiation. The
temporal shape of the IR(= L) and X-ray (x = X) pulses are
modeled in the calculations by a gaussian

T(X

exp —|— ,
* Ta VIn2
wherer is the half width at half-maximum (HWHM) ant is
the peak position of the IR or X-ray pulses.
The parameters of the IR pulse used to generate the ground-
state wave packet ate = 200 fs,7. = 10 fs, |, = 2.3 x 10*

= (16)

Ta

ionized states (Figure 2) and the Cartesian components of theW/cn?, and¢,. = 0.53 rad. The IR field is assumed to be in

permanent dipole moment of the ground state (Figure 4) are
computed point to point using density functional theory (DFT/
B3LYP)!® as implemented in the GAMESS prograThe
6-31H-+G** basis set’ was employed to perform all calcula-
tions. The simulations give the following values for the adiabatic

resonance with the first vibrational transitien = w10= 0.33

eV. The phasey{. = 0.53 rad) was adjusted to get the maximum
intensity of the few-cycle IR pulse at the instant= 200 fs.

We use a short IR pulser, = 10 fs, which allows us to
overcome the anharmonicity of the higher vibrational states
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which should to be excited to reach the proton-transfer region
(see Figure 2).

To make snapshots of the ground-state wave pagftgtwe
use a rather short X-ray probe pulse with the duratipr= 4
fs (except Figures 7 and 9). The XPS spectra are calculated for
different delay times between X-ray and IR pulsas= 100,

196, 230 and 276 fs. The IR pulse has time to leave the system
for such delays. Due to this the spectral composition of the wave
packete(t) is the same for all these delays.

C. Molecular Orientation. The molecular orientation de-
serves special comment. Here we study the XPS spectra with
the O—0; bond aligned parallel to the polarization vector of
the IR field, e_. X-ray photoelectron spectra of fixed-in-space
molecules can be measured in electr@n coincidence experi-
ments applied to randomly oriented moleclie® Let us
mention also the possibility of alignment or orientation of the
molecules by a strong IR field4.

Orbital energy (a.u.)

. . . -10.. '—J\—

However, our analysis can be useful also in ordinary XPS _:22'_’3’_’/’_1
measurements with randomly oriented molecules. The reason T )
for this is an asymmetry of the studied molecule and, hence, _19,2_%<:
strong anisotropy of its interaction with the radiation. The T S— 2
interaction of the IR radiation with the vibrational modes of g(a.u.)
GM depends on the magnitude of the variation of the permanentrigure 5. Energies of occupied molecular orbitaigg) versus the
dipole momentd(q), along the nuclear coordinatg Indeed, nuclear coordinate.

the amplitude of the vibrational transitions in the IR field
information about a crossing of different states making use of

[0]e -d(q)|vO a7) a simple analysis of thg dependence of one-electron energies
€i(q) obtained from the ground-state calculation. Such an

is equal to zero whed(q) = const. Hereg_ is the polarization approximate technique is based on Koopmans’ the&rainich
vector of the IR radiation. Thg dependence of the Cartesian says that the energy of the ionized stitélis
components of the total permanent dipole moment of the ground-
state GM are shown in Figure 4. One can see in Figure 4 that E(d) ~ Eq(a) — &(a) (18)
the d, component does not depend gnandd, shows a very
small q dependence compared with tdg component. Thus, ~ Whereei(q) is the energy of thith molecular orbital (MO). This
mainly the molecules with the 2O, bond aligned parallel to  equation allows us to write down the condition of the crossing
e_interact with the IR radiation. This motivates us to explore of potential surface&;(q) andE;(q)
the X-ray + IR pump-probe spectra for such a parallel

alignment of the molecules. &(0) = €(d) (19)
V. Results Thus the shapes of the potenti&i¢g) andEj(q) are defined by

A. Potential Energy Curves and the Proton Transfer. the ground-state potenti&h(q) as well as by the one-electron
Figure 2 shows qualitatively different potentials for ground energiesei(q) and €(q). The g dependence of one-electron
Eo(q) and core ionized statds,1s4(0) andEo,1s4(0). When energies and the contour plots of corresponding MOs are

the diabatic potential&o,ist) and Eo,i1sY interact with each depicted in Figures 5 and 6, respectively.

other via the vibronic coupling, the crossing is avoided, leading  Let us first consider the ionization of the 1s levels 1 and 2

to the formation of the adiabatic potentials representef_{y) that are localized on the;Gnd Q atoms, respectively. Theg

(double well potential) andE+(q) (single well potential), as  dependences afi(q) and €x(q) (Figure 5) and eq 18 explain

shown by dashed line in Figure 2. As is well-known, the the shapes of the potentials of core excited states (Figure 2).

adiabatic states are also vibronically coupled. The crossing point 2.25 au given by the Koopmans’ approxima-
The core hole “sits” on the same oxygen during the proton tion (19) is rather close to the strict valge = 2.18 au.

transfer if the vibronic coupling of core ionized stateglCs™1) According to Figure 5 one can also expect the crossing of

and Q(1 s?) is absent. This means that during wave packet the potentials and, hence the VC, nege= 2.14 au for|6710]

evolution the following interconversion reactions GM{Ds 1)] and|7-Conized states, neay= 2.76 au for|13-1Cand|14-10

= NE[Oy(1 s3] or GM[O2(1 s 1] = NE[Ox(1 s1)] takes states, neaq = 2.83 au for|15 '0and |17 'Ostates, and near

place. Vibronic coupling of the @1 s 1) and Q(1 s %) states g = 2.39 au for|16-10and |17 0states.

allows the hopping of core-hole into another atom, leading to  Figure 5 shows that the energies of the sixth and seventh

the switch-back interconversion reactions GM{Ds1)] = orbitals have the strongest dependence.onhese orbitals are

NE[Ox(1 s3] and GM[Ox(1 s71)] = NE[O1(1 s71)] caused by formed by the ligand combination of the 2s atomic orbitals

a proton transfer. localized on the NO and CO groups, respectively, as shown in
B. Orbital View on the Avoided Crossing. The Born- Figure 6. Although the proton is being transferred from the GM

Oppenheimer approximation breaks down near the pgint to NE structures, the single and double characters of the NO
where the potential surfaces cross each other. The role of theand CO bonds, respectively, are inverted. This drastic change
VC becomes here important. To find electronic states where on the molecular skeleton during the intramolecular proton-
the role of the VC is large, we need to perform rather expensive transfer reaction is probably the main reason of large gradients
simulations of different excited states. However, one can get deg(q)/0q andde7(q)/dg near the crossing point. It is reasonable
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orbital 9 orbﬂl 10 i orbital 19
Figure 6. Occupied molecular orbitals of the GM molecule.
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Figure 7. IR—X-ray pump-probe spectra of the oriented GM molecui (| x) for different values of the vibronic coupling constahiand

different delay times\t = tx — t, between X-ray and IR pulses. The crossing point of the diabafit ©') and Q(1 s™%) potentials isg. = 2.18

au. Upper panels show XPS profiles fpr= 0, and the lower panels show the spectra of molecules driven by the IR field. The parameters of the
IR pulse ard, = 2.3 x 10" W/cm?, t, = 200 fs,7. = 10 fs, . = 0.53 rad andv. = w1o = 0.33 eV. The duration of the X-ray pulseig =

4 fs. The full lines show the total photoionization probabilities. The dotted and dashed curves are the partial photoionization préhéRijitied

P2(Q), respectively, as explained in section IlI.C. The vibrationally resolved XPS profile depicted in the left upper panel was calculated for longer
X-ray pulse,zx = 15 fs.

to assume a similar strorggdependence of the corresponding spectra for fixed nuclear configuration. The vibronic coupling
MOs. Probably these molecular orbitals give major contribution Hi, = Agq mixes two diabatic electronic statgs andy, and

in the VC constanC;; (10) and, hencej (11). results in adiabatic states

C. X-ray Photoionization without IR Field: Bright and . .
Dark States. Let us begin with the case when IR radiation is ¥+ = ¥1Sinf8 + ¥, cosp Y_ =1, cosf —y,sinp
absent|. = 0. The ordinary XPS spectra are depicted in the (20)

upper panels of Figure 7 for different VC constans,As
already explained in section Il, the XPS profile consists of
narrow GM, and wider GM bands (Figure 7), which correspond 1 2 >

to the vertical transitions from the bottom of the ground-state ~ E+(A) = 5[E4(A) + Ex(q) VELD) — E@)% + 4H,,]
potential (o = 1.74) to the wellE1(q) = Eo,as(q) andEx(q) (21)
= Eo,1sY(0), respectively. We do not see any fine structure
because the X-ray pulse is shotk = 4 fs. However, the
vibrational structure of both GMand GM bands becomes
resolved when the duration of the pulse is longer than the vibra-

with the energies

Such a mixing delocalizes core holes and results in the following
expression for the dipole momef . |djyo0= d(cos f +
sin () of transition in these new states

tional period (see left upper panel in Figure 7). Now the GM

band consists of strong-® line and very weak-91 vibrational d, = i( [1F 1 + 3 [1+ L)
transitions. It is because the minimum position (1.69 au) of the V2 1+ z;-2 4| 1+ CZ
Eo,1s4(0) well is rather close to the equilibriunp = 1.74 au. . _ 21q

The GM, band has a richer vibrational structure due to large f=tanP= @ (22)

displacement of th&o,1s%(q) well from the equilibrium. The
vibrational frequency of the GMband is essentially smaller  whereA(q) = |Ex(g) — Ei(qg)] is the spacing between potentials
than in the GM well, because th&o,1s%(0) potential is quite E,(q) andEj(q). The vertical transitions to the andy - states
shallow in the FranckCondon region. form the GM, and GM, bands, respectively. Let us remind that
The upper panels of Figure 7 show the suppression of thein high-energy region the transition dipole moments of core-
GM; band when the coupling constant grows. This effect is ionization of both oxygens are the santg,= d, = d, when
seen clearly in the XPS spectra with and without an IR field. the energy of photoelectron is rather high. The gap between
To understand the origin of this phenomenon, we analyze XPSthe adiabatic potentials at the crossing pajn{where Ex(qc)
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Figure 9. XPS profiles of the GM molecule without IR field for linear
(11) and Gaussian (24) VC modes= 0.24 au.tx = 15 fs.

= Ei(qc)) gives the VC parameter
2Alg. = E.(a) — E_(a)
The intensities d;/d)2 and @-/d)? (Figure 8A) display

(23)

Other parameters are the same as in Figure 7.

model. The reason for this is the strong quenching of the
Gaussian coupling (24) on the way from the crossing pajt,
Because the manifestation of the VC is stronger in the linear
coupling model (11) we see that the GMnd GM bands
separate when the linear coupling grows. This is in agreement
with the expression (21) for the spacing between these bands,
E+(g) — E-(g). Another interesting result is that the GM
vibrational profile collapses to the single-0 line for largelqc.
This is because the miminum of the adiabatic poteriiglg)
approaches the minimum of the ground-state wal=€ 1.74
au), when the coupling is large.

D. X-ray Photoionization in the Field of Strong IR Pulses.
A short IR pulse €. = 10 fs) with the intensity, = 2.3 x
10 W/cn? creates a ground-state wave paaj@). When the
IR pulse leaves the system, the populations of vibrational levels
cease to depend on the time and the main contribution (57%)
in ¢(t) gives the vibrational levet = 4 (Figure 10). The energy
stored in this wave packef(t)|Ho|p(t)(=1.13 eV) allows the
molecule to reach the region of proton transfer in the ground-
state potential (see Figure 2). Thus the GM molecule gains
sufficient energy to reach the weakly bound proton-transfer well,
where the NE tautomer is formed. It is interesting to note that
level 4 can be populated due to a direct transitiorr @, which

qualitatively different dependencies on the coupling strength has a large transition dipole moment because of the strong
Aqe due to the constructive and destructive interference of anharmonicity of the ground-state potential near this level (see

localized core-hole states (20) caused by VC. WhenO, one
can see the quenching of the “dark” state and the enhance-
ment of the XPS intensity of the “bright” state, with the
increase ofl.. According to eq 22 the dark and bright states are
interchanged if the sign of VC is unversgd< 0. We see this
clearly from our rough estimate (22) (Figure 8A) as well as
from strict simulations (Figure 8B).

Gaussian Model of Vibronic Couplindn our simulations
we follow the conventional VC mod¥lwith linear coupling
Hi>=Aq(11) assumind to be constant. However, the vibronic
coupling can have stronger dependencejofo mimic such a
possibility, we model the VC interaction by a Gaussfan

Hy, = j~qcei(qi%)2/a2 (24)
Figure 9 displays the XPS profile of the GM molecule without
IR field. To resolve the vibrational structure, we use a rather
long X-ray pulsezx = 15 fs. First of all, one can see that the
quenching of the GMband in the Gaussian model starts for
rather high coupling parametetg; as compared with the linear

Figure 2). The simulations show that the direct population of
the levely = 4 is about 25-80% forr. = 3002640 fs and
= 2.3 x 10" W/cm?

The dynamics ofs(t) (Figure 11) shows that for the timés
2 t| = 200 fs the wave packet becomes delocalized and perform
back and forth oscillations in the ground-state well. During these
oscillationsg(t) periodically approaches the NE wet] £ 3.05
au). The vertical transitions from this well form two new XPS
bands at—0.84 eV (NE) and 2.63 eV (NB, which are
attributed to the proton transfer in the GM molecule (see Figure
7). On the way from the shallow NE well to the GM well the
wave packet crosses the transition state. X-ray photoionization
at the TS region occurs at the spectral region between the bands
GM; and GM (Figure 7).

Referring back to the dependence of the XPS profile on the
VC strength (Figure 7), we see that the intensity ratios of the
peaks Nk and NE display trends similar to those of the peaks
GM_ and GM.. The formal reason for this is that the resonances
NE, and NE correspond to thep, and - solutions (22),
respectively. One can see that, contrary to the peale, Givd
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. glyoxalmonoxime molecule in detail. The ground state displays
the weakly bound proton-transfer well, which has a higher

B ? energy than the global minimum. This makes proton transfer
in the ground electronic state practically impossible. However,
the ordinary XPS technique is unable to detect the promotion
of the proton because the photoionization occurs in a narrow

region near the equilibrium. X-ray photoionization visualizes
the proton transfer when the molecule is exposed by strong IR
pulses. It then gains sufficient energy for intramolecular proton

transfer into the weakly bound well of the tautomer 2-nitroso-
ethenol. The glyoxalmonoxime molecule possess one important
feature that makes the studied problem of more general and

more fundamental interest: The core-ionization of two in-

15 TR 2{5 : g S Y- — equivalent oxygen atoms results in two qualitatively different
q (au.) potentials that intersect along the proton-transfer coordinate. Due

Figure 11. Squared wave packel())? and its trajectory, to the crossing of the potentials, the vibronic coupling mixes
B(t)|gl¢(t)(solid line), versus the time. Other parameters are the same these states, which implies a partial delocalization, or hopping,
as in Figure 7. of the core hole. So we face interesting dynamics of the wave
packets in two vibronically coupled wells that is accompanied

peak NE starts to become quenched for larger VC strengths. by the core-hole hopping. To describe quantitatively the

250

oo

The reason for this is the larger gap betwd®fyis4(q) and connection of the XPS profile with the dynamics of the system,
Eo,1s7%(0) potentials neag = 3.05 au than near the equilibrium  we developed a corresponding wave packet technique and
g = 1.74 au. Indeed, the larger g&gq) needs largef to get performed simulations of the X-ray spectra. Calculations show
the same value df and, hence, the same XPS intensity (see eq that the vibronic coupling, creating coherent superposition of
22). localized states, influences the spectra even without an IR field.
To see the role of the dynamics of the wave paeKet, we Partial delocalization of the core holes leads to the suppression/

computed the XPS spectra for different delay times of the X-ray enhancement of the newly formed bright/dark core-ionized
pulse,At (Figure 7). It is worth noting that the XPS spectra do states. When the molecule is irradiated by a strong IR pulse,
not depend on\t if the IR field is incoherent, except for the  two new bands arise in the XPS profile. These bands origin in
trivial time dependence due to the vibrational relaxation. Let the core ionization from the region near the weakly bound well
us discuss the case with = 0. One can see comparable of the tautomer 2-nitrosoethenol. The laser induced nuclear wave
intensities of GM ; and N& ; bands forAt = 100 fs due to the packet moves in the ground-state well, which makes the
strong delocalization of the wave packet (Figure 11) Mt= intensities of the newly formed XPS bands sensitive to the delay
196 fs the maximum of the wave packet approaches the crossingiime between the X-ray and the IR pulses.
point (. = 2.18 au), which results in an enhancement of the  Our simulation with a Gaussian IR pulse gives a rather
TS band. Later onAt = 230 fs), the wave packet is localized delocalized nuclear wave packet. Such a delocalization restricts
in the NE well and the NE; bands become more intense. The the spatial resolution of the technique, because one is unable to
picture is inverted (the Gl bands are larger) at the instant excite the nuclear subsystem explicitly in a desired point of the
At = 276 fs when the maximum aé(t)|? is shifted to the GM proton-transfer coordinate. This strong delocalization origins in
well. the rather poor spectral composition of the wave packet. Thus
Referring to Figure 11, one can realize the bottleneck of our the shaping of the narrow nuclear wave packet deserves special
study: We see that the wave packet is considerably delocalized.attention and this is one of the problems suitable for our future
Such a delocalization restricts the spatial resolution of this efforts.
technique, because it does not allow excitation of the nuclear
subsystem explicitly in a desired poigt This means that the Acknowledgment. This work was supported by the Con-
shaping of the narrow nuclear wave packet deserves specialselho Nacional de Desenvolvimento Cidicb e Tecnolgico
attention, a problem well worth considering. The main reason (CNPq) (Brazil), Swedish Research Council (VR), and Carl
for delocalization of the wave packet in our case is known Tryggers Stiftelse (CTS) foundation.
namely by the rather poor spectral composition of the wave.
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