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The theory of IR-X-ray pump-probe spectroscopy beyond the Born-Oppenheimer 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 snapshots 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 partially 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

X-ray science sheds light on the structure of molecules due
high inherent spatial resolution. The monitoring of the molecular
dynamics poses a great challenge for X-ray spectroscopy due
to the large number of applications in different areas of
fundamental science and technology. Nowadays we have the
possibility at hand of monitoring femtosecond nuclear motion
using X-ray pulses provided by high-harmonic generation,1

which is one of several sources of ultrashort X-ray pulses that
have been developed recently.2-4 Conventional X-ray photo-
electron spectroscopy (XPS)5 gives rather restricted information
about the nuclear dynamics because the photoionization happens
in a quite narrow Franck-Condon region near the ground-state
equilibrium. As demonstrated recently,6-9 this difficulty can be
overcome by the application of a strong infrared (IR) pulse,
which prepares a coherent superposition of vibrational states
or nuclear wave packet. The time-resolved XPS technique ap-
plied to such a prepared system gives a unique opportunity to
explore the nuclear dynamics in ground and core-ionized states.

The basic physics underlying IR-X-ray pump-probe spec-
troscopy was exemplified in our previous study of the proton
transfer in the water dimer.6 In this Article we study the
intramolecular dynamic of proton transfer in glyoxalmonoxime
(GM) leading to the formation of the tautomer 2-nitrosoethenol
(NE), as a representation of the approach to a more common
and larger organic molecular system.

Glyoxalmonoxime contains two chemically nonequivalent
oxygen atoms O1 and O2 that possess distinct roles in the
hydrogen bond wherein O1 is a hydrogen donor and O2 is a
hydrogen acceptor. The ionization of the 1s electron of the donor

or acceptor oxygen of GM leads to the formation of two2A′
core-ionized diabatic states that show a crossing of their potential
curves along the OH stretching mode related to the intramo-
lecular proton-transfer channel in glyoxalmonoxime. The vi-
bronic coupling of these states of the same symmetry partially
delocalizes core-holes and affects the dynamics of the proton
transfer in the core-ionized state. Ordinary XPS technology is
useless here because it maps the dynamics in the narrow
Franck-Condon region near the equilibrium; however, a
coherent IR field changes the situation qualitatively. Indeed,
due to the IR pump the molecule gains sufficient energy to
promote the proton to the weakly bound proton-transfer well,
which is 0.899 eV higher in energy than the global minimum.
The IR induced nuclear wave packet performs back and forth
routes from GM to NE wells. Now the probe X-ray pulse can
excite the molecule in different regions of the core-ionized
potential and can thereby monitor the dynamics of the proton-
transfer accompanied by the vibronic coupling.

The aim of the present article is to theoretically investigate
the IR-X-ray pump-probe spectroscopy of the intramolecular
proton transfer in glyoxalmonoxime, the dynamics of which is
accompanied by the vibronic coupling of intersecting core-
ionized states. An unusual feature of the studied system is that,
compared to the common situation when the vibronic coupling
localizes the core hole,10,11 one here faces the opposite effect,
namely, a partial delocalization of the core hole caused by the
vibronic coupling. The vibronic coupling even results in a core
hole hopping. This makes the physics rather intriguing because
the interaction with light pulses is followed by the simultaneous
action of the nuclear dynamics (proton transfer) and electronic
dynamics (core hole hopping).

The outline of the paper goes as follows. We begin with the
description of the model in section II. The theoretical machinery
is described in section III. In section IV we outline the numerical
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procedure. The result of our wave packet simulations of the
X-ray pump-probe spectra of the GM molecule are presented
in section V. Section VI comprises a summary and attempts to
offer a broader perspective of X-ray pump-probe technique in
studies of the proton-transfer process accompanied by vibronic
coupling.

II. Model

We consider ordinary OK X-ray photoionization of the GM
molecule (Figure 1) as well as the photoionization of this
molecule driven by a strong IR field in the ground electronic
state. The interaction of the IR radiation with core-ionized
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
conformations of the molecular structures of GM and NE
tautomers,12 we choose those presented in Figure 1 that make
propitious the intramolecular hydrogen bond. To model the
proton transfer that occurs along thex-axis (see Figure 2), we
explore the one-dimensional dynamics of hydrogen along this
axis with other nuclear degrees of freedom kept frozen. It is
worth nothing that the IR field can excite also other vibrational
modes that are close in frequency (such as the C-H mode).
However, the excitation of these modes does not influence the
proton transfer directly. This motivates us to use a simple 1D
model that takes into account the major contribution to the effect.
The potential energy curveE0(q) of the ground electronic state
of the GM molecule along the nuclear coordinateq shows an
asymmetric double well shape; see Figure 2. The global

minimum of E0(q) occurs atq0 ) 1.74 au and corresponds to
the tautomer GM. Here and belowq is the projection of the
O1H bond on thex-axis, Figure 1. The increase ofq up to 3.05
au leads to the intramolecular proton transfer in GM, resulting
in the formation of the NE tautomer, which is 0.899 eV higher
in energy. The NE well is quite shallow, being approximately
0.04 eV more stable than the transition state that occurs atq )
2.75 au.

When the intensity of IR field is zero, the XPS transitions
occur from the bottom of theE0(q) well to the points of the
vertical transitions GM2 and GM1. Thus without an IR field,
one can expect to see two XPS bands GM2 and GM1 (Figure
2). The band GM1 has a larger vibrational broadening than the
GM2 band due to the quasidissociative character of theE01(1s)-
(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-
transfer NE well (q ) 3.05 au). The XPS transition from this
well results in two new bands NE1 and NE2 (Figure 2).

Contrary to the ground-state potentialE0(q), the diabatic
O1(1 s-1) and O2(1 s-1) core ionized states possess asymmetric
single well potentialsE1(q) ≡ EO1(1s-1)(q) andE2(q) ≡ EO2(1s-

1)(q) (Figure 2). In the diabaticEO2(1s-1) potential, the minimum
energy is located atq ) 1.69 au, being rather close to the
equilibrium q0 ) 1.74 au. On the other hand, theEO1(1s-1)

potential is deeper on 0.41 eV than the O2(1 s-1) well and its
minimum is shifted to the proton-transfer region atq ) 3.20
au. The vertical O2(1 s-1) and O1(1 s-1) ionization potentials
from the GM equilibrium position in the ground state are 538.61
and 539.72 eV, respectively. TheEO1(1s-1) andEO2(1s-1) potentials
show a crossing atqc ) 2.18 au. Vibronic coupling (VC) mixes
these diabatic states. Let us explore in detail the role of the
vibronic coupling on the dynamics of the proton transfer and
on the X-ray pump-probe spectra.

III. Theoretical Methodology

A quantum dynamical treatment of the pump-probe experi-
ment includes the preparation of the initial nuclear wave packet
followed by the X-ray transition to the coupled core-ionized
final states. We begin from the step of formation of the wave
packet.

A. Ground-State Wave Packet Induced by the IR Field.
The IR radiation creates a coherent superposition of the
vibrational levels or wave packetφ(t) in the ground-state
potentialE0(q)

whereεν and|ν〉 are the vibrational energy and eigenvector of
the ground electronic state, respectively. Thus the X-ray
photoionization starts from the prepared initial molecular state
Ψ ) ψφ(t) exp(-ιE0t). Hereψ is the electronic wave function
of the ground state, andE0 ) E0(q0) is the energy of the bottom
of the ground-state potential that corresponds to the GM isomer,
Figure 2. The nuclear wave packet (1) obeys the Schro¨dinger
equation

with the initial condition|φ(0)〉 ) |0〉. Hered ) d00(q) is the
dipole moment of the ground electronic state;EL(t), æL andωL

Figure 1. Glyoxalmonoxime (GM) and 2-nitrosoethenol (NE).

Figure 2. Potential energy curves of ground and core ionized states
along a Cartesian coordinateq related to the proton-transfer channel.
Dashed lines mark the adiabatic potentialsE((q) (21) for λqc ) 0.3
eV. The minimum ofE0(q) is situated atq0 ) 1.74 au. The diabatic
potentials cross each other in the pointqc ) 2.18 au.

|φ(t)〉 ) ∑
ν

aν(t)|ν〉e-ıενt, 〈φ(t)|φ(t)〉 ) 1 (1)

ı
∂

∂t
φ(t) ) H(t) φ(t)

H(t) ) H0 - (d·EL(t)) cos(ωLt + æL) (2)

12806 J. Phys. Chem. A, Vol. 110, No. 47, 2006 Felicı́ssimo et al.



are the strength of electric field, phase and frequency of the IR
field, respectively. In our model the nuclear Hamiltonian of the
ground state is nothing other than the Hamiltonian of the
hydrogen atom

wheremH is the hydrogen mass. It is worth nothing that the
reduced massmH(M - mH)/M is replaced bymH because the
ratio of hydrogen mass to the total molecular mass is smallmH/M
≈ 0.003. We ignore the small lifetime broadening of the
vibrational levels of the ground electronic state (Γ0

-1 J 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 phaseskL‚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 Ionized States.In this section we explore the
dynamics of the nuclear wave packet excited by weak X-ray
radiation on the core ionized states. The ionization of one
electron in O1(1s) or O2(1s) orbital of glyoxalmonoxime (Figure
1) generates respectively the diabatic electronic states|ψ1〉 and
|ψ2〉, which show a crossing of their potential energy curves
EO1(1s-1) ≡ E1(q) andEO2(1s-1) ≡ E2(q) at the nuclear coordinate
q ) qc; see Figure 2. The total wave function of the core ionized
states is written as

whereEc is defined as the lowest energy between the two core
ionized potentialsE1(q) andE2(q); ψ1 andψ2 are the electronic
time-independent wave functions of the core ionized states in
the Born-Oppenheimer approximation. The nuclear wave
packetsφ1 andφ2 of the electronic statesψ1 andψ2, respectively,
form the two component nuclear wave packet of the core-ionized
state

which obeys the coupled equations

It is useful to write down the matrix representation of these
equations

whereVn0(t) ) -(Dn0‚EX(t)) cos(ωXt) exp(ι(ε + Ec - E0)t) is
the matrix element of the interaction between the molecule and
the X-ray field; ε is the energy of the photoelectron;ωX, eX,
andEX(t) are respectively the frequency, polarization vector and
the electric field of the X-ray field;EX(t) ) eXEX(t); andDn0 is
the transition dipole moment of the core ionization of the oxygen
n ) 1, 2.

Equation 7 describes the dynamics of the wave packetφc(t)
in the two coupled core ionized states with the nuclear
Hamiltonian

Here the diagonal terms

describe the independent nuclear motion in the diabatic poten-
tials En(q) ) 〈ψn|Hel|ψn〉 of the core-ionized electronic states
ψn.

A special comment deserves the off-diagonal terms,Hnm,
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

and the linear scalar Herzberg-Teller representation14

that is equivalent to the linear coupling model of Cederbaum
et al.,10 for constantλ 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 Herzberg-Teller (HT) representation.
These representations differ from each other in the electronic
wave functions that depend parametrically on the nuclear
coordinates in the former case, whereas the electronic wave
functions are taken in a fixed nuclear geometry in the second
case.15 Both approaches should give the same result if the total
function is expanded over a complete electronic basis set. We
use the scalar form of the VC operator (11) because the HT
representation is preferable from the numerical point of view.10

The only exception is section VC.2, where we model the
vibronic couplingH12 by a Gaussian.

C. Probability of X-ray Photoionization of Molecules
Driven by a Strong IR Field. One can solve directly the
coupled equations (6) to find the photoionization cross section.16

However, this numerical scheme is rather expensive, because
to obtain a spectrum we need to solve equations for each value
of the photoelectron energyε. We follow instead an alternative
technique based on the fact that the photoionization probability
is the norm of the core ionized wave packet in the frequency
domain

This and the equations below generalize our previous results
obtained for nuclear dynamics in a single excited electronic
state.6,8,17The Fourier transform of eq 7 gives a two-component
wave packet of the core hole state in the frequency domain

H0 ) - 1
2mH

d2

dq2
+ E0(q) - E0 (3)

Ψc ) (ψ1φ1(t) + ψ2φ2(t))e
-ιEct (4)

|Oc(t)〉 ) ( |φ1(t)〉
|φ2(t)〉 ) (5)

ι ∂
∂t

φ1(t) ) H11φ1(t) + H12φ2(t) + V10(t)φ(t)

ι ∂
∂t

φ2(t) ) H21φ1(t) + H22φ2(t) + V20(t)φ(t). (6)

ι ∂
∂t

Oc(t) ) H Oc(t) + V(t) φ(t)

V(t) ) (V10(t)
V20(t) )

Oc(t) ) (φ1(t)
φ2(t) ) (7)

H ) (H11 H12

H21 H22
) (8)

Hnn ) - 1
2mH

d2

dq2
+ En(q) - Ec, n ) 1, 2 (9)

H12 ) -H21 ) - 1
2mH

[2C12(q)
d
dq

+ (dC12(q)

dq )]
C12(q) ) 〈ψ1(r,q)| d

dq|ψ2(r,q)〉 (10)

H12 ) H21 ) λq (11)

P(Ω) ) 〈æc(Ω)|æc(Ω)〉 ) 〈æ1(Ω)|æ1(Ω)〉 + 〈æ2(Ω)|æ2(Ω)〉
(12)

|æn(Ω)〉 ) ∫∞

-∞
dt e-ιΩt EX(t)|æn(t)〉 n ) 1, 2 (13)
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which is the Fourier transform of the new wave packet

HereΩ ) BE - I1s is the relative binding energy (BE) ωX -
ε), whereI1s ) Ec - E0 is the smallest adiabatic core ionization
potential (between the wells 1 and 2); the lifetime broadening
of the core-ionized stateΓc ) 0 is neglected here and below.

Contrary to the wave packetφc(t) (7) the wave packetæc(t)
does not depend on the photoelectron energyε. Due to such an
essential advantage we useæc(t) instead ofφc(t) in the numerical
simulations. The calculation ofæc(t) is performed along the
contour (Figure 3) where the ground-state wave packetφ(t) (2)
evolves from the moment 0 up tot. The X-ray field promotes
φ(t) at the instantt in the two coupled core-ionized states where
the newly formed wave packetæc(t) evolves in the inverse
direction from momentt up to 0. The dynamics in the inverse
direction is seen from the fact that the wave packetæc(t) ≡
æc(0,t) is the solution of the Schro¨dinger equation

from τ ) t till 0 with the initial conditionæc(t,t) ) úφ(t).
Equation 12 shows that the total XPS probability is the sum

of the partial probabilitiesP1(Ω) ) 〈æ1(Ω)|æ1(Ω)〉 andP2(Ω)
) 〈æ2(Ω)|æ2(Ω)〉 related to the two photoioization channels
O1(1 s-1) and O2(1 s-1), 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 coordinateq, which is the projection
of the O1H bond on thex-axis. Other nuclear degrees of freedom
are frozen.

The diabatic potential energy curves of the ground and core
ionized states (Figure 2) and the Cartesian components of the
permanent dipole moment of the ground state (Figure 4) are
computed point to point using density functional theory (DFT/
B3LYP)18 as implemented in the GAMESS program.19 The
6-311++G** basis set20 was employed to perform all calcula-
tions. The simulations give the following values for the adiabatic

ionization potentials of the oxygen atoms: O1 (I1s
(1) ) 538.19

eV) and O2 (I1s
(2) ) 538.60 eV). The XPS spectra are computed

versus the binding energy (BE) ωX - ε), Ω ) BE - I1s
(1) 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 (WP)φ(t) driven by the
IR pulse in the ground electronic state, solving numerically
the Schro¨dinger eq 2, (2) evaluation of the two-component
nuclear wave packetæc(t) (14) in the two coupled core-excited
states with the Hamiltonian (8), (3) Fourier transform,æc(Ω)
(13), of the wave packetæc(t), and (4) calculation of the norm
〈æc(Ω)|æc(Ω)〉, which is nothing other than the probability of
X-ray ionizationP(Ω) (12).

The IR-X-ray pump probe spectra are computed using the
wave packet techniques implemented in the eSPec program.21

A second-order differential scheme is used in the calculations
of ground and core ionized wave packets with a time step of 5
× 10-5 fs along the nuclear coordinateq from 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 Pulses.The
following relation between parameters in atomic units and in
SI units are used in the calculations: dE (au) ) d (debye)×
xI(W/cm2) × 2.1132× 10-9 au,Ωt (au)) Ω (au)× t (fs) ×
41.3417. HereI ) cε0|E(t)|2/2 is the intensity of radiation. The
temporal shape of the IR (R ) L) and X-ray (R ) X) pulses are
modeled in the calculations by a gaussian

whereτR is the half width at half-maximum (HWHM) andtR 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 aretL ) 200 fs,τL ) 10 fs, IL ) 2.3× 1014

W/cm2, andæL ) 0.53 rad. The IR field is assumed to be in
resonance with the first vibrational transitionωL ) ω10 ) 0.33
eV. The phase (æL ) 0.53 rad) was adjusted to get the maximum
intensity of the few-cycle IR pulse at the instanttL ) 200 fs.
We use a short IR pulse,τL ) 10 fs, which allows us to
overcome the anharmonicity of the higher vibrational states

Figure 3. Time loop used for the calculation of the wave packet in
the core excited potential surface. IR field creates the nuclear wave
packetφ(t) in the ground-state well, which evolves from the moment
0 up to t. At the instantt, the X-ray field promotes the ground-state
wave packetφ(t) in two coupled core-ionized states. The wave packets
æ1(t) andæ2(t) evolve in the core-ionized states in the inverse direction
from momentt up to 0.

æc(t) ) (æ1(t)
æ2(t) ) ) eιHtúφ(t)

ú ) (ú1

ú2
)

ún ) 1
2
(Dn0·eX) (14)

ι ∂

∂τ
æc(τ,t) ) Hæc(τ,t) (15)

Figure 4. Dependence of the permanent dipole moment components
dm(q) of the GM molecule in the ground state on the nuclear coordinate
q.

IR exp[-(t - tR
τjR

)2], τjR )
τR

xln 2
(16)
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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 packetφ(t), we
use a rather short X-ray probe pulse with the durationτX ) 4
fs (except Figures 7 and 9). The XPS spectra are calculated for
different delay times between X-ray and IR pulses,∆t ) 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
packetφ(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 O1-O2 bond aligned parallel to the polarization vector of
the IR field,eL. X-ray photoelectron spectra of fixed-in-space
molecules can be measured in electron-ion coincidence experi-
ments applied to randomly oriented molecules.22,23 Let us
mention also the possibility of alignment or orientation of the
molecules by a strong IR fields.24

However, our analysis can be useful also in ordinary XPS
measurements with randomly oriented molecules. The reason
for this is an asymmetry of the studied molecule and, hence,
strong anisotropy of its interaction with the radiation. The
interaction of the IR radiation with the vibrational modes of
GM depends on the magnitude of the variation of the permanent
dipole moment,d(q), along the nuclear coordinateq. Indeed,
the amplitude of the vibrational transitions in the IR field

is equal to zero whend(q) ) const. HereeL is the polarization
vector of the IR radiation. Theq dependence of the Cartesian
components of the total permanent dipole moment of the ground-
state GM are shown in Figure 4. One can see in Figure 4 that
the dz component does not depend onq, anddy shows a very
small q dependence compared with thedx component. Thus,
mainly the molecules with the O1-O2 bond aligned parallel to
eL interact with the IR radiation. This motivates us to explore
the X-ray + IR pump-probe spectra for such a parallel
alignment of the molecules.

V. Results

A. Potential Energy Curves and the Proton Transfer.
Figure 2 shows qualitatively different potentials for ground
E0(q) and core ionized statesEO1(1s-1)(q) andEO2(1s-1)(q). When
the diabatic potentialsEO1(1s-1) andEO2(1s-1) interact with each
other via the vibronic coupling, the crossing is avoided, leading
to the formation of the adiabatic potentials represented byE-(q)
(double well potential) andE+(q) (single well potential), as
shown by dashed line in Figure 2. As is well-known, the
adiabatic states are also vibronically coupled.

The core hole “sits” on the same oxygen during the proton
transfer if the vibronic coupling of core ionized states O1(1 s-1)
and O2(1 s-1) is absent. This means that during wave packet
evolution the following interconversion reactions GM[O1(1 s-1)]
h NE[O1(1 s-1)] or GM[O2(1 s-1)] h NE[O2(1 s-1)] takes
place. Vibronic coupling of the O1(1 s-1) and O2(1 s-1) states
allows the hopping of core-hole into another atom, leading to
the switch-back interconversion reactions GM[O1(1 s-1)] h
NE[O2(1 s-1)] and GM[O2(1 s-1)] h NE[O1(1 s-1)] caused by
a proton transfer.

B. Orbital View on the Avoided Crossing. The Born-
Oppenheimer approximation breaks down near the pointqc

where the potential surfaces cross each other. The role of the
VC becomes here important. To find electronic states where
the role of the VC is large, we need to perform rather expensive
simulations of different excited states. However, one can get

information about a crossing of different states making use of
a simple analysis of theq dependence of one-electron energies
εi(q) obtained from the ground-state calculation. Such an
approximate technique is based on Koopmans’ theorem25 which
says that the energy of the ionized state|i-1〉 is

whereεi(q) is the energy of theith molecular orbital (MO). This
equation allows us to write down the condition of the crossing
of potential surfacesEi(q) andEj(q)

Thus the shapes of the potentialsEi(q) andEj(q) are defined by
the ground-state potentialE0(q) as well as by the one-electron
energiesεi(q) and εj(q). The q dependence of one-electron
energies and the contour plots of corresponding MOs are
depicted in Figures 5 and 6, respectively.

Let us first consider the ionization of the 1s levels 1 and 2
that are localized on the O1 and O2 atoms, respectively. Theq
dependences ofε1(q) and ε2(q) (Figure 5) and eq 18 explain
the shapes of the potentials of core excited states (Figure 2).
The crossing point 2.25 au given by the Koopmans’ approxima-
tion (19) is rather close to the strict valueqc ) 2.18 au.

According to Figure 5 one can also expect the crossing of
the potentials and, hence the VC, nearq ) 2.14 au for|6-1〉
and|7-1〉 ionized states, nearq ) 2.76 au for|13-1〉 and|14-1〉
states, nearq ) 2.83 au for|15-1〉 and |17-1〉 states, and near
q ) 2.39 au for|16-1〉 and |17-1〉 states.

Figure 5 shows that the energies of the sixth and seventh
orbitals have the strongest dependence onq. These orbitals are
formed by the ligand combination of the 2s atomic orbitals
localized on the NO and CO groups, respectively, as shown in
Figure 6. Although the proton is being transferred from the GM
to NE structures, the single and double characters of the NO
and CO bonds, respectively, are inverted. This drastic change
on the molecular skeleton during the intramolecular proton-
transfer reaction is probably the main reason of large gradients
∂ε6(q)/∂q and∂ε7(q)/∂q near the crossing point. It is reasonable

〈0|eL·d(q)|ν〉 (17)

Figure 5. Energies of occupied molecular orbitalsεi(q) versus the
nuclear coordinateq.

Ei(q) ≈ E0(q) - εi(q) (18)

εi(qc) ) εj(qc) (19)
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to assume a similar strongq dependence of the corresponding
MOs. Probably these molecular orbitals give major contribution
in the VC constantC12 (10) and, hence,λ (11).

C. X-ray Photoionization without IR Field: Bright and
Dark States.Let us begin with the case when IR radiation is
absent,IL ) 0. The ordinary XPS spectra are depicted in the
upper panels of Figure 7 for different VC constants,λ. As
already explained in section II, the XPS profile consists of
narrow GM2 and wider GM1 bands (Figure 7), which correspond
to the vertical transitions from the bottom of the ground-state
potential (q0 ) 1.74) to the wellsE1(q) ) EO1(1s-1)(q) andE2(q)
) EO2(1s-1)(q), respectively. We do not see any fine structure
because the X-ray pulse is short,τX ) 4 fs. However, the
vibrational structure of both GM1 and GM2 bands becomes
resolved when the duration of the pulse is longer than the vibra-
tional period (see left upper panel in Figure 7). Now the GM2

band consists of strong 0-0 line and very weak 0-1 vibrational
transitions. It is because the minimum position (1.69 au) of the
EO2(1s-1)(q) well is rather close to the equilibriumq0 ) 1.74 au.
The GM1 band has a richer vibrational structure due to large
displacement of theEO1(1s-1)(q) well from the equilibrium. The
vibrational frequency of the GM1 band is essentially smaller
than in the GM2 well, because theEO1(1s-1)(q) potential is quite
shallow in the Franck-Condon region.

The upper panels of Figure 7 show the suppression of the
GM2 band when the coupling constant grows. This effect is
seen clearly in the XPS spectra with and without an IR field.
To understand the origin of this phenomenon, we analyze XPS

spectra for fixed nuclear configuration. The vibronic coupling
H12 ) λq mixes two diabatic electronic statesψ1 andψ2 and
results in adiabatic states

with the energies

Such a mixing delocalizes core holes and results in the following
expression for the dipole moment〈ψ(|d|ψ0〉 ) d(cos â (
sin â) of transition in these new states

where∆(q) ) |E2(q) - E1(q)| is the spacing between potentials
E2(q) andE1(q). The vertical transitions to theψ+ andψ- states
form the GM1 and GM2 bands, respectively. Let us remind that
in high-energy region the transition dipole moments of core-
ionization of both oxygens are the same,d1 ) d2 ) d, when
the energy of photoelectron is rather high. The gap between
the adiabatic potentials at the crossing pointqc (whereE2(qc)

Figure 6. Occupied molecular orbitals of the GM molecule.

Figure 7. IR-X-ray pump-probe spectra of the oriented GM molecule (ebL | x) for different values of the vibronic coupling constantλ and
different delay times∆t ) tX - tL between X-ray and IR pulses. The crossing point of the diabatic O1(1 s-1) and O2(1 s-1) potentials isqc ) 2.18
au. Upper panels show XPS profiles forIL ) 0, and the lower panels show the spectra of molecules driven by the IR field. The parameters of the
IR pulse areIL ) 2.3 × 1014 W/cm2, tL ) 200 fs,τL ) 10 fs, æL ) 0.53 rad andωL ) ω10 ) 0.33 eV. The duration of the X-ray pulse isτX )
4 fs. The full lines show the total photoionization probabilities. The dotted and dashed curves are the partial photoionization probabilitiesP1(Ω) and
P2(Ω), respectively, as explained in section III.C. The vibrationally resolved XPS profile depicted in the left upper panel was calculated for longer
X-ray pulse,τX ) 15 fs.

ψ+ ) ψ1 sin â + ψ2 cosâ ψ- ) ψ1 cosâ - ψ2 sin â
(20)

E((q) ) 1
2
[E1(q) + E2(q) ( x(E2(q) - E1(q))2 + 4H12

2]
(21)

d( ) d

x2(x1 -
1

1 + ú2
( λ

|λ| x1 ( 1

1 + ú2)
ú ) tan 2â ) 2λq

∆(q)
(22)
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) E1(qc)) gives the VC parameter

The intensities (d+/d)2 and (d-/d)2 (Figure 8A) display
qualitatively different dependencies on the coupling strength
λqc due to the constructive and destructive interference of
localized core-hole states (20) caused by VC. Whenλ > 0, one
can see the quenching of the “dark”ψ- state and the enhance-
ment of the XPS intensity of the “bright” stateψ+ with the
increase ofλ. According to eq 22 the dark and bright states are
interchanged if the sign of VC is unversedλ < 0. We see this
clearly from our rough estimate (22) (Figure 8A) as well as
from strict simulations (Figure 8B).

Gaussian Model of Vibronic Coupling.In our simulations
we follow the conventional VC model10 with linear coupling
H12 ) λq (11) assumingλ to be constant. However, the vibronic
coupling can have stronger dependence onq. To mimic such a
possibility, we model the VC interaction by a Gaussian26

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 pulse,τX ) 15 fs. First of all, one can see that the
quenching of the GM2 band in the Gaussian model starts for
rather high coupling parametersλqc as compared with the linear

model. The reason for this is the strong quenching of the
Gaussian coupling (24) on the way from the crossing point,qc.
Because the manifestation of the VC is stronger in the linear
coupling model (11) we see that the GM1 and GM2 bands
separate when the linear coupling grows. This is in agreement
with the expression (21) for the spacing between these bands,
E+(q) - E-(q). Another interesting result is that the GM1

vibrational profile collapses to the single 0-0 line for largeλqc.
This is because the miminum of the adiabatic potentialE+(q)
approaches the minimum of the ground-state well (q0 ) 1.74
au), when the coupling is large.

D. X-ray Photoionization in the Field of Strong IR Pulses.
A short IR pulse (τL ) 10 fs) with the intensityIL ) 2.3 ×
1014 W/cm2 creates a ground-state wave packetφ(t). When the
IR pulse leaves the system, the populations of vibrational levels
cease to depend on the time and the main contribution (57%)
in φ(t) gives the vibrational levelν ) 4 (Figure 10). The energy
stored in this wave packet (〈φ(t)|H0|φ(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 transition 0f 4, which
has a large transition dipole moment because of the strong
anharmonicity of the ground-state potential near this level (see
Figure 2). The simulations show that the direct population of
the levelν ) 4 is about 25-80% forτL ) 300-2640 fs andIL

) 2.3 × 1014 W/cm2.
The dynamics ofφ(t) (Figure 11) shows that for the timest

J tL ) 200 fs the wave packet becomes delocalized and perform
back and forth oscillations in the ground-state well. During these
oscillationsφ(t) periodically approaches the NE well (q ) 3.05
au). The vertical transitions from this well form two new XPS
bands at-0.84 eV (NE1) and 2.63 eV (NE2), 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
GM1 and GM2 (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 NE1 and NE2 display trends similar to those of the peaks
GM2 and GM1. The formal reason for this is that the resonances
NE2 and NE1 correspond to theψ+ and ψ- solutions (22),
respectively. One can see that, contrary to the peak GM2, the

Figure 8. (A) XPS intensities (d(/d)2 (22) versus the coupling strength,
ú/2 ) λq/∆(q). ∆(q0) ) 1.02 eV. (B) XPS spectra for positive and
negative VC strengths (no IR field). Other parameters are the same as
in Figure 7.

Figure 9. XPS profiles of the GM molecule without IR field for linear
(11) and Gaussian (24) VC models.a ) 0.24 au.τX ) 15 fs.

2|λ|qc ) E+(qc) - E-(qc) (23)

H12 ) λqce
-(q-qc)2/a2

(24)

Figure 10. Populations of vibrational levels (ν ) 0, 1, 2, ..., 9) of the
ground state of the GM molecule after the IR pulse left the system.
Other parameters are the same as in Figure 7.
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peak NE1 starts to become quenched for larger VC strengths.
The reason for this is the larger gap betweenEO2(1s-1)(q) and
EO1(1s-1)(q) potentials nearq ) 3.05 au than near the equilibrium
q ) 1.74 au. Indeed, the larger gap∆(q) needs largerλ to get
the same value ofú and, hence, the same XPS intensity (see eq
22).

To see the role of the dynamics of the wave packetφ(t), we
computed the XPS spectra for different delay times of the X-ray
pulse,∆t (Figure 7). It is worth noting that the XPS spectra do
not depend on∆t if the IR field is incoherent, except for the
trivial time dependence due to the vibrational relaxation. Let
us discuss the case withλ ) 0. One can see comparable
intensities of GM1,2 and NE1,2 bands for∆t ) 100 fs due to the
strong delocalization of the wave packet (Figure 11). At∆t )
196 fs the maximum of the wave packet approaches the crossing
point (qc ) 2.18 au), which results in an enhancement of the
TS band. Later on (∆t ) 230 fs), the wave packet is localized
in the NE well and the NE1,2 bands become more intense. The
picture is inverted (the GM1,2 bands are larger) at the instant
∆t ) 276 fs when the maximum of|φ(t)|2 is shifted to the GM
well.

Referring to Figure 11, one can realize the bottleneck of our
study: We see that the wave packet is considerably delocalized.
Such a delocalization restricts the spatial resolution of this
technique, because it does not allow excitation of the nuclear
subsystem explicitly in a desired pointq. This means that the
shaping of the narrow nuclear wave packet deserves special
attention, a problem well worth considering. The main reason
for delocalization of the wave packet in our case is known
namely by the rather poor spectral composition of the wave.
Indeed, the vibrational levelν ) 4 contributes almost 60% in
φ(t) (Figure 10). We got stronger localization ofφ(t) in the water
dimer6 by exciting simultaneously many vibrational levels.

To conclude this section, one can say that a VC constantλqc

larger than 0.1 eV is an apparent exaggeration for core ionization
due to small overlap of 1s functions localized on different
oxygen atoms. However, we included in our analysis also large
λ, keeping in mind the proton transfer that can occur also under
photoionization of valence molecular orbitals where the coupling
is stronger (see section VB).

VI. Summary

To understand the role of the hydrogen bond accompanied
by the vibronic coupling in the formation of X-ray spectra of
common molecules, we choose in this paper to study the

glyoxalmonoxime molecule in detail. The ground state displays
the weakly bound proton-transfer well, which has a higher
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-
equivalent oxygen atoms results in two qualitatively different
potentials that intersect along the proton-transfer coordinate. Due
to the crossing of the potentials, the vibronic coupling mixes
these states, which implies a partial delocalization, or hopping,
of the core hole. So we face interesting dynamics of the wave
packets in two vibronically coupled wells that is accompanied
by the core-hole hopping. To describe quantitatively the
connection of the XPS profile with the dynamics of the system,
we developed a corresponding wave packet technique and
performed simulations of the X-ray spectra. Calculations show
that the vibronic coupling, creating coherent superposition of
localized states, influences the spectra even without an IR field.
Partial delocalization of the core holes leads to the suppression/
enhancement of the newly formed bright/dark core-ionized
states. When the molecule is irradiated by a strong IR pulse,
two new bands arise in the XPS profile. These bands origin in
the core ionization from the region near the weakly bound well
of the tautomer 2-nitrosoethenol. The laser induced nuclear wave
packet moves in the ground-state well, which makes the
intensities of the newly formed XPS bands sensitive to the delay
time between the X-ray and the IR pulses.

Our simulation with a Gaussian IR pulse gives a rather
delocalized nuclear wave packet. Such a delocalization restricts
the spatial resolution of the technique, because one is unable to
excite the nuclear subsystem explicitly in a desired point of the
proton-transfer coordinate. This strong delocalization origins in
the rather poor spectral composition of the wave packet. Thus
the shaping of the narrow nuclear wave packet deserves special
attention and this is one of the problems suitable for our future
efforts.
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