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Probing strong-field electron-nuclear dynamics of polyatomic molecules using proton motion
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Proton ejection during Coulomb explosion is studied for several structure-related organic molecules (anthra-
cene, anthraquinone, and octahydroanthracene) subjected to 800 nm, 60 fs laser pulses at intensities from 0.50
to 4.0 X 10'* W cm™2. The proton kinetic energy distributions are found to be markedly structure specific. The
distributions are bimodal for anthracene and octahydroanthracene and trimodal for anthraquinone. Maximum
(cutoff) energies of the distributions range from 50 eV for anthracene to 83 eV for anthraquinone. The low-
energy mode (~10 eV) is most pronounced in octahydroanthracene. The dependence of the characteristic
features of the distributions on the laser intensity provides insights into molecular specificity of such strong-
field phenomena as (i) nonadiabatic charge localization and (ii) field-mediated restructuring of polyatomic

molecules polarized by a strong laser field.
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INTRODUCTION

The ongoing experiments on adaptive strong-field laser
manipulation of chemical reactivity of polyatomic molecules
make quantum control of matter a reality [1-8]. The strong-
field experiments are performed in a laser intensity regime
where dynamic Stark shift of molecular energy levels is on
the order of level spacings. This strong-field interaction rep-
resents a new regime for control of molecular dynamics; its
investigation is crucial for advances in manipulating matter
with intense laser fields [9].

Ultrafast strong-field laser pulses cause multiple ioniza-
tion and dissociation of polyatomic molecules through a pro-
cess known as multielectron dissociative ionization [10]. In a
common strong-field excitation scenario, a multiply ionized
molecule “Coulomb explodes,” and the fragments acquire
large kinetic energies due to Coulomb repulsion. This pro-
cess has been the subject of investigations covering a wide
range of systems of various complexity from diatomic
[10-12] to polyatomic [13,14] molecules, as well as atomic
[15-17] and molecular [18,19] clusters.

The rational behind the Coulomb explosion mechanism is
the effective separation of the ionization and dissociation
stages: a molecule first rapidly loses several electrons and
then the fragments are subsequently driven apart by Cou-
lomb repulsion [10]. This simple model, however, becomes
insufficient when nuclear motion is significant on the time
scale of a laser pulse, i.e., when successive electronic exci-
tations or ionizations occur as nuclei change positions. In
this case, the electronic and nuclear degrees of freedom be-
come strongly coupled during the laser-molecule interaction
[14,20-24]. The coupled electronic nuclear motion regime
poses significant challenges to theoretical modeling, numeri-
cal simulation, and interpretation of experimental results.

Previously, strong-field quantum-mechanical computa-
tions have been feasible only for systems of few electrons
[25-28]. Recent advances in computational technology en-
able several groups to develop successful ab initio dynamical
approaches to multielectron systems of polyatomic mol-
ecules in external fields [29-33]. However, because these
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approaches are computationally expensive, molecular dy-
namics investigations for pulse durations beyond a few fs
have not been reported. Practically, for polyatomic molecules
and atomic or molecular clusters of various degrees of com-
plexity classical or semiclassical models still need to be de-
veloped to address laser intensities in the strong-field regime.

For reliable modeling and control of molecular dynamics,
there are three generic regimes of laser-molecule coupling.
They can be classified by relative magnitude of the ac Stark
energy shifts and the characteristic energy level spacing of a
molecule, A. The Stark shift can be quantified, for instance,
by the free electron ponderomotive energy [34], U,
=e’E}/ (4m,w?) (here E, and o are the laser field amplitude
and frequency, respectively; m, is electron mass, and e is the
fundamental charge). The characteristic energy level spacing
of the vast majority of polyatomic molecules falls into
5+2 eV range; U, is ~6 eV at 10'* W cm™ for the 800 nm
field, and is linearly proportional to laser intensity.

In the U,/AK1 regime (laser  intensity [
<10 W cm™), the weak laser field causes resonant elec-
tronic transitions between well-defined field-free potential
energy surfaces; the nuclear system evolves on these field-
free surfaces. This regime has been extensively investigated,
producing a number of important advances toward coherent
control of electronic degrees of freedom and mode-selective
chemistry [35-40]. However, resonant approaches are gener-
ally not well suited for control of nuclear motion in complex
molecular systems [3,41]. This is because these approaches
usually employ pulses whose duration is longer than in-
tramolecular vibrational redistribution (IVR) times in poly-
atomics (the energy is redistributed over many vibrational
modes at the same rate as it is deposited). To overcome this
restriction, broadband mode-locked lasers have been used to
attack a molecule with a sequence of short pulses [40] or to
engage superposition of coherent pathways [38,39]. While
restricted to the weak-field regime, these ingenious ap-
proaches are limited by inherent ineffectiveness of nonreso-
nant laser-molecule coupling. To make a nonresonant inter-
action strong, one necessarily has to leave the realm of weak-
field laser intensities.
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In the case of ultrahigh laser intensities (/
=10'® W cm™), where U,/A>>1, all polyatomic molecules
are rapidly converted to miniplasma, in which the initial
identity of a molecule is rapidly destroyed, and the electron-
nuclear dynamics can be treated classically (Coulomb inter-
action among free electrons and ionic cores). In this
U,/A>1 regime the electron-nuclear dynamics is addressed
by microplasma [42—44] or hydrodynamic [45] models. The
control of nuclear dynamics in this regime is, however,
hardly attainable, because the indiscriminate intensity of
laser-molecule interaction completely overcomes individual
details of the initial molecular Hamiltonian.

From the standpoint of control of nuclear motion, the
most complex and interesting dynamics occurs at intermedi-
ate laser intensities (I~ 103-10" W cm™). In this U,/A
~ 1 regime, the strong laser field causes nonresonant, nona-
diabatic electronic transitions between potential energy sur-
faces modified by the strong laser field to produce a quasi-
continuum [23,46,47]. The initial stages of the electron-
nuclear system’s evolution occur on these field-dressed
quasienergy surfaces [23]. The outcome of laser-molecule
coupling is inherently sensitive not only to the details of
molecular Hamiltonian but also to modification of the
Hamiltonian by the strong-field laser pulse. Thus, we antici-
pate that this regime is most suitable for the manipulation of
fragmentation dynamics.

Previously, we studied the electronic excitations of poly-
atomic molecules in the range of laser intensities that covers
the transition from U,/A<1 to U,/A~1 regime. We re-
ported that nonadiabatic electron dynamics in the latter re-
gime is strongly molecule specific [46,47]. Here, we report
the molecular specificity of nuclear motion during and after
the interaction with the laser pulse. To this end we have
measured the kinetic energies of protons ejected during pho-
todissociation of a series of polyatomic molecules with par-
ticular focus on the kinetic energy release of H* formed in
Coulomb explosion for three large polyatomic molecules—
anthracene, (C4H,q), 1,2,3,4,5,6,7,8-octahydroanthracene,
(C4H;3, OHA), and 9,10-anthraquinone, (C,O,Hg, an-
thraquinone). The structures of these molecules are shown in
Fig. 1. The resulting molecule-specific proton kinetic energy
distributions and corresponding insight into the dependence
of the energy coupling process on the molecular structure is
the subject of this paper.

EXPERIMENTAL

The experimental procedure has been briefly described
previously [48]. Ton spectra were measured using a linear
1 m time-of-flight mass spectrometer in dual slope continu-
ous extraction mode. A 1 mm aperture was placed between
the ionization and detection regions of the spectrometer to
restrict the signal collection to the near-focal cylindrical vol-
ume of the laser beam [49]. A regeneratively amplified
Ti:sapphire laser [50] produced 10 Hz, 1.5 mJ, 60 fs pulses
centered at 800 nm. The laser intensities were calibrated by
comparison to the appearance thresholds for multiply
charged argon.

Solid samples sublimed directly into vacuum to attain a
pressure of ~1X 107® Torr for anthracene and OHA, and
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FIG. 1. Time-of-flight ion spectra of (a) anthracene, (b)
1,2,3,4,5,6,7,8-octahydroanthracene ~ (OHA), and (c) 9,10-
anthraquinone (anthraquinone) obtained using 800 nm, 60 fs laser
pulses of laser intensity 3.5X 10'* W cm™2.

~1077 Torr for anthraquinone; the background pressure for
the spectrometer was ~1X 107 Torr. These experiments
were conducted at sufficiently low pressures to exclude pos-
sibility of space-charge interaction between individual mol-
ecules which affects the energy distributions of ion frag-
ments formed in the process of Coulomb explosion. The H*
signal from residual water molecules in the vacuum chamber
constitutes only a very small fraction (<1%) of the total
proton signal observed. This was verified by collecting back-
ground spectra at ~1X 1078 Torr.

The kinetic energy distributions were measured in two
complementary experiments. In the first, ions were allowed
to drift ~5 mm in field-free conditions (prior to being ex-
tracted into the mass spectrometer by a +500 Volt potential),
separating according to their initial velocities during the ini-
tial drift period. Thus, a smaller time of flight corresponds to
a higher initial kinetic energy. In the second experiment, the
kinetic energy distributions were exposed to a potential bar-
rier before extraction into the time-of-flight system. This al-
lows kinetic-energy calibration of the time-of-flight distribu-
tions because only those ions with sufficient energy to
overcome the applied retarding potential are detected. Fi-
nally, the time-of-flight spectra H* obtained in the zero-field
ion collection mode have been converted into kinetic energy
distributions, using the calibrating retarding field measure-
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ments and experimentally determined Jacobean intensity
transformation from the time-of-flight to the kinetic energy
scale. The intensity transformation accounted for the geom-
etry of the spectrometer, the accelerating potentials and the
delay between the ionization and the “time zero” of the time-
of-flight spectra.

RESULTS

Figure 1 shows time-of-flight spectra of anthracene, OHA
and anthraquinone obtained in the dual-slope extraction
mode at the laser intensity /=3.5X 10'* W cm™2. The mol-
ecules are highly fragmented: the time-of-flight spectra con-
tain H*, C?*, C*, 1*C*, and/or CH*, C,H? peaks, followed by
a manifold of heavier fragments C H7, up to the correspond-
ing parent ion, M*. The spectra of OHA and anthraquinone
show an appreciable amount of the parent ion signal. There
are also minor peaks due to ionization of residual H,O, N,
and O, molecules. The insets to the spectra of anthracene
and OHA show that the most highly charged fragment, C**,
is just above the detection threshold at this laser intensity.
The inset to the spectra of anthraquinone contains a peak
corresponding to doubly charged oxygen, O%*, the highest
charge state of oxygen detected in this experiment. The O**
signal is absent in spectra of anthracene and OHA, as shown
in the corresponding inset to the spectrum of OHA. The rela-
tive amount of signal corresponding to m/z=16u (O%) is
much higher in the spectrum of anthraquinone in comparison
with that in the spectra of OHA and anthracene. This is ex-
pected since anthraquinone is the only molecule containing
oxygen atoms. The spectrum of anthraquinone also contains
a significant signal corresponding to m/z=17u, which we
attribute to OH* formation from anthraquinone. (The small
H,0" and OH* signals in the spectra of anthracene and OHA
are due to background water molecules in the time-of-flight
chamber.)

All peaks at low m/z ratio are broadened due to kinetic
energy acquired by the ions in the Coulomb explosion pro-
cess. The peaks of the characteristic doublets correspond to
the forward and backward components (relative to the direc-
tion of ion detection) of the ion velocity distributions. Al-
though the most probable and cutoff kinetic energies of the
ions can be estimated using the peak splitting of the time-of-
flight spectra collected in the regular (dual slope extraction)
mode, the combination of the field-free and retardation
modes of ion detection described above provides much more
detailed and precise information on the kinetic energy re-
lease.

Figures 2—4 show the forward component of the measured
time-of-flight distributions of H* ejected from anthracene,
OHA, and anthraquinone, respectively, as a function of laser
intensity. The time-of-flight distributions exhibit nontrivial
dependence on the laser intensity. For each molecule we ob-
serve two distinct regimes of H* expulsion dynamics. In the
first regime, at lower laser intensities, the distributions are
broad and featureless, and the total yield and the kinetic en-
ergy release of H* are strongly dependent on the intensity. In
this regime, the total H* yield of these time-of-flight distri-
butions increases rapidly, and the cutoff (minimum) and the
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FIG. 2. (Color online) Time-of-flight distributions of H*
ejected from anthracene at laser intensities from 0.50 to
4.0 X 10'* W cm™. The vertical offset is proportional to the incre-
ment in the laser intensity.

most probable values of these distributions decrease (indicat-
ing a higher kinetic energy release) with increasing laser in-
tensity. Similar observations have been reported previously
[48] for a series of four polycyclic aromatic hydrocarbons
(benzene, naphthalene, anthracene, and tetracene) exposed to
~80 fs laser pulses of intensities up to 2X 10 W cm™.
We observed [48] that at laser intensities above
~1.0X 10" W cm™? the energy coupling into the nuclear de-
grees of freedom begins to saturate. This saturation signifies

32 3.3 3.4 3.5 3.6 3.7
Time of Flight (us)

FIG. 3. (Color online) Time-of-flight distributions of H* ejected
from OHA at laser intensities from 0.50 to 4.0 X 10'* W cm™2. The
vertical offset is proportional to the increment in the laser intensity.

053402-3



MARKEVITCH et al.

i c ‘ : b | 4x10™

Time of Flight (us)

FIG. 4. (Color online) Time-of-flight distributions of H*
ejected from anthraquinone at laser intensities from 0.20 to
2.50 X 10'* W cm™2. The vertical offset is proportional to the incre-
ment in the laser intensity.

the onset of the second regime of H* expulsion dynamics. To
further explore the dynamics of polyatomic molecules in the
saturation regime we increased the range of laser intensities
up to 4.0 X 10'* W cm™2 in this experiment.

The time-of-flight distributions change remarkably with
increasing laser intensity. The distributions are broad and
featureless at lower laser intensities and split into several
distinct modes with increasing intensity. Even cursory in-
spection reveals that the shapes of the distributions and the
dependence on the laser intensity are clearly specific to the
molecular structure; we will describe and quantify these dif-
ferences later in terms of Kinetic energy distributions derived
from these data.

To convert the time-of-flight distributions shown in Figs.
2-4 to kinetic energy distributions of H* we calibrated the
cutoff (minimum) values of the time-of-flight distributions
using the retardation field measurements described above.
We quantitatively assessed the kinetic energy corresponding
to the shortest flight time of the expelled protons using the
following procedure: (1) the time-of-flight spectra were con-
verted to energy spectra using appropriate Jacobean transfor-
mation; (2) the standard deviation of the background noise of
the energy spectra was calculated; (3) a boxcar average of 10
points was computed at the high-energy end of the spectrum
to be used as the background average value for the signal; (4)
the 10-point boxcar was moved one point toward lower en-
ergies, and the average value of the new position of the box
was computed; (5) the new average value of the 10-point box
was compared with the background average value. If the
difference did not exceed two standard deviations of the
background, step 4 was repeated. Otherwise, the middle
point of the current box (the average energy of the box) was
used as the cutoff energy, and the procedure was terminated.

The onset of the saturation regime is apparent in the de-
pendence of the cutoff and most probable values of the time-
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FIG. 5. (a) kinetic energy distributions of H* ejected from an-
thracene at laser intensities from 0.50 to 2.2 X 10" W cm™2. (b) H*
energy distributions in the saturation regime.

of-flight distributions on the laser intensity: at higher laser
intensities both the cutoff and the most probable values cease
increasing and approach a limiting value. The retardation
field measurements resulted in similar values of 50+3
and ~52+3 eV for the cutoff value of the kinetic
energy releases for anthracene and OHA, respectively
(at 1=4.0 X 10" W cm™2). For anthraquinone, however, the
retardation measurement resulted in the cutoff energy value
of 83+3 eV.

Figures 5-7 show kinetic energy distributions of H*
ejected from anthracene, OHA, and anthraquinone, respec-
tively for selected laser intensities. To aid the analysis we
also plot maximum (cutoff) energy for these distributions vs
laser intensity, Fig. 8. We observe large nonthermal kinetic
energies of H* ions ejected from all three molecules. At
lower intensities the energy distributions are broad and
featureless. Both the most probable kinetic energy values
and the cutoff energies increase rapidly (approximately lin-
early) with laser intensity. As the intensity exceeds
~1X 10" W cm™ this trend changes qualitatively. At
I~1.0X 10" W cm™ the distributions of anthracene and
OHA become distinctly bimodal. For anthracene, the most
probable values of the low-energy and the high-energy fea-
tures increase with the laser intensity from 8+1 eV and
~15+1 eV at 1.1X10" Wem™ to 10+1 eV and 25+2 eV
at 4.0X 10" W cm™2, respectively. In the same laser inten-
sity range the growth of the cutoff energy slows down and
completely saturates reaching the value of 50+2 eV at
I~3X 10" W cm™. The laser intensity dependence of
the H* kinetic energy distributions for OHA is similar to that
of anthracene. At the maximum laser intensity of
4.0% 10" W cm™2 the most probable values of the low and
high-energy features are 10.0+£1.0 eV and 26+1.0 eV, re-
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FIG. 6. (a) kinetic energy distributions of H ejected from OHA
at laser intensities from 0.50 to 2.2X 10'* W cm™. (b) H* energy
distributions in the saturation regime.

spectively. The kinetic energy distribution of OHA possesses
a small low-energy feature centered at 2.0+0.25 eV (not
present in anthracene). This feature, absent at lower laser
intensities, becomes more prominent as the intensity exceeds
~2.5%X 10" W cm™.

The laser intensity dependence of the H* kinetic energy
distribution for anthraquinone is significantly different from
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FIG. 7. (a) kinetic energy distributions of H* ejected from an-
thraquinone at laser intensities from 0.20 to 1.85X 10 W cm™2,
(b) H* energy distributions in the saturation regime.
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FIG. 8. The cutoff kinetic energies (eV) of the H* kinetic energy
distributions for (a) anthracene, (b) OHA, and (c) anthraquinone as
a function of laser intensity, W cm™2.

that of anthracene and OHA. From I=2.0X10" up to
~8.0X 10" W cm™ the distributions are characterized by a
single mode with both the cutoff and most probable values
increasing rapidly with the laser intensity. As the intensity
increases, three distinct features emerge in the kinetic energy
distributions of anthraquinone. At 1~9.0X 10"* Wcem™ a
high-energy feature with a cutoff value extending to approxi-
mately 83+3 eV (at the highest laser intensities) begins to
form. The rest of the distribution, containing most of the H*
signal, splits into two features, with most probable values of
~10 and ~18 eV at /=2.5X 10" W cm™.

DISCUSSION

When hydrocarbon molecules are subjected to short in-
tense laser pulses, the expulsion of H* is expected to occur
much faster than disintegration of the carbon skeleton. This
is because (i) heavier C atoms take longer time than protons
to accelerate in the Coulomb field, (ii) C atoms form four
bonds while an H atom forms only one bond, and (iii) pro-
tons occupy peripheral positions in a molecule. The protons,
ejected from much heavier counter ions, carry most of the
kinetic energy of the Coulomb explosion, which is parti-
tioned between the ejected H* and the counter ion. If, under
these conditions, the light H* ions pick up the majority of the
kinetic energy release on the time scale of the laser pulse, the
H* kinetic energy distribution becomes a signature of the
dynamics of energy deposition and fragmentation, reflecting
the details of both the molecular structure and the laser pulse
properties. The data presented here suggest that measure-
ments of the energy distributions of the H* formed in the
process of the Coulomb explosion of large organic molecules
should become an important tool for studying the strong-
field electron-nuclear dynamics of energy deposition and
molecular fragmentation.

The origin of the features of the proton energy distribu-
tions and the dependence of the distributions on the laser
intensity should be attributable to the nuclear structure of the
molecule. The framework of these three molecules is similar
and is formed by three fused polycyclic six-carbon rings.
These molecules have the same number of carbon atoms and
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have similar spatial dimensions. Anthracene and an-
thraquinone are rigorously planar (and have the same D,
symmetry). Geometry optimization of OHA [using GAUSS-
1ANO03 (Ref. [51]] reveals that the molecule is slightly twisted
due to the sp? type bonding of the outer carbon rings; this
molecule is of a lower C, symmetry. The three molecules
differ substantially in the extent of their conjugated
m-electron systems. In the case of anthracene the 14  elec-
trons are delocalized over the entire polycyclic structure. In
the case of anthraquinone, the conjugation extends only over
the two terminal rings with 6 7 electrons each. The central
ring in anthraquinone forms a substantial barrier for the
m-electron motion. In the case of OHA, the 67-electron sys-
tem resides on the central ring, while the terminal rings are
fully saturated with H atoms. One major difference between
anthraquinone and the other two molecules is the presence of
the carbonyl groups at the 9 and 10 positions of the carbon
skeleton. These highly electronegative oxygen atoms create
the barrier for the 7 electrons and will play a pivotal role in
strong-field electron dynamics. Overall, although the carbon
backbones are similar in all three molecules, the H atoms
find themselves in different chemical environments, as is
clearly revealed by NMR spectra of these molecules [52,53].

The kinetic energy distributions of protons released from
these three polyatomic molecules reveal an initial rapid
growth with increasing laser intensity followed by the even-
tual onset of the saturation of the kinetic energy release. We
also observe that these distributions possess distinct
molecule-specific features. Thus, two main areas of inquiry
arise regarding the dynamics of H* expulsion during frag-
mentation of these molecules. First, we need to understand
the origin of the rapid growth of the H* kinetic energy with
increasing laser intensity and the eventual onset of the satu-
ration of the kinetic energy release. Second, the dependence
of features in the kinetic energy distributions on molecular
structure should be addressed.

One of the important observations in this experiment is
the rapid growth of the measured H* maximum kinetic en-
ergy at 1<~ 10" W cm™ for all three molecules. For ex-
ample, in the case of anthracene, the H* cutoff energy grows
from 8 to 30 eV as the laser intensity increases from 0.4 to
1.0X 10" W cm™. In a recent publication [23] we have ana-
lyzed the mechanism of formation of the highly energetic
protons during ionization and dissociation of anthracene and
concluded that Coulomb explosion of anthracene is accom-
panied by nonadiabatic charge localization. In the experi-
ments presented here, each of the three molecules produces
highly energetic protons in the laser intensity regime
U,~ A. The evolution of the high-energy features in the dis-
tributions as a function of increasing laser intensity is ex-
plained by a Coulomb explosion mechanism that involves
nonadiabatic charge localization. This phenomenon emerges
as generic in coupling of large organic molecules with strong
laser fields.

In the nonadiabatic charge localization model, a series of
nonadiabatic electronic Landau-Dykhne type transitions [54]
occur during successive multiple ionization and dissociation
events in a polyatomic molecule. Although anthracene has
D,;, symmetry (the charge transfer states are initially nearly
degenerate), in the early stages of the excitation this degen-
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eracy can be broken due to accompanying asymmetric
nuclear motion. As a result, the positive charge is localized at
one of the ends of the molecule for a significant portion of
the laser pulse. The protons ejected from the more positive
end of the molecule acquire kinetic energy that exceeds that
anticipated from the simple Coulomb explosion picture. The
model of dissociative ionization, assisted by prolonged nona-
diabatic charge localization successfully explained the mea-
sured anthracene H* kinetic energy dependence on the laser
intensity.

The proton energy distributions for OHA are similar to
that for anthracene. The main difference is the more pro-
nounced growth of the low-energy part of the distribution for
OHA in comparison with anthracene as the laser intensity
approaches the saturation regime. As discussed previously,
[23,24] the low-energy (~10 eV) feature in anthracene and
anthraquinone can be explained by simple Coulomb explo-
sion considerations without invoking charge localization ar-
guments. Similarly, in the case of OHA, the charge localiza-
tion is expected to be most effective for molecules whose
longest (active) axis is parallel to the direction of polariza-
tion of the laser field. These heavy molecules are not appre-
ciably aligned by the laser field, and therefore essentially
retain the original random distribution relative to the field
during the laser pulse. As was the case with anthracene, the
low-energy feature in OHA can be attributed to H" expulsion
from molecules whose short in-plane axis is oriented along
the laser electric field vector. Because the low-energy pro-
tons are due to average ionic charge and have no relation to
the localization phenomenon, their formation continues even
when the localization (responsible for the high-energy fea-
tures) saturates. The growth of the lower (~10 eV) energy
feature with increasing laser intensity for OHA is much more
prominent in comparison with the corresponding feature for
anthracene and anthraquinone. This may indicate that the
fraction of molecules not affected by charge localization is
greater for OHA in comparison with that of anthracene or
anthraquinone. Thus, there are more hydrogen atoms in OHA
that are not affected by the charge localization. This is con-
sistent with the reduced symmetry and electron delocaliza-
tion of OHA.

A proton experiences the Coulomb forces from positive
charges distributed over the multiply charged molecular ion
during ejection. Accordingly, the proton kinetic energy dis-
tribution is determined by the total charge on the molecule,
the size of the molecule (i.e., the average distance between
the proton in question and the distributed positive charge),
and the molecular symmetry (possible directions of the
proton expulsion). Since all the three molecules are of
approximately same size, their size is not a factor of consid-
erable distinction. The relative degree of ionization of the
three molecules as a function of laser intensity can be
extrapolated from nonadiabatic multielectron dynamics
calculations [46,47] (see Table I). These calculations predict
the following order of the relative degree of ionization of
molecules aligned with the laser electric field: anthracene
> anthraquinone > OHA. Note, however, that the ionization
yield for anthracene is much more anisotropic than for the
other two molecules. The order of ionization yield curves is
corroborated by our previous experiments at lower laser in-
tensities [46,47].
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TABLE 1. Electronic properties of neutral molecules and +1 molecular ions calculated using GAUSSIANO3.
The transition dipole moments, characteristic transition energies, and dynamic polarizabilities of the ground
states of neutral molecules and the molecular ions of anthraquinone and anthracene.

M, a (800 nm), Double ionization rate
Molecular formula/ e A, A, eV, e A2v-l at 2 X 10* W cm™2
laser field orientation neutral (ion) neutral (ion) neutral (ion) peak laser intensity
C4HgO,, long axis 0.62 (0.77) 5.11 (3.54) 2.53 (2.80) 0.393
C4HgO,, O-0 axis 1.00  (0.60) 4.57 (4.27) 1.80 (1.62) 0.253
C4H,, long axis 2.10  (1.91) 5.17 (5.13) 3.02 (5.13) 0.535
C4H,, short axis 1.09  (1.10) 6.87 (6.90) 1.65 (1.71) 0.0104
C4H;s, long axis 0.711 (1.04) 6.14 (6.37) 2.11 (2.72) 0.0477
C4H;3, short axis 0.471 (0.516) 6.21 (5.95) 1.59 (1.61) 0.0164

Analysis of the proton detection probability in the given
mass-spectrometer geometry suggests that for randomly ori-
ented molecules comparatively more low-energy protons
should be detected in the case of OHA. The molecular sym-
metry of OHA (C,) is reduced in comparison with that of
anthracene and anthraquinone (D,,,). For anthracene and an-
thraquinone, all of the atoms are in the molecular plane. The
outgoing motion of the ejected protons does not deviate
much from this plane, so if the plane is oriented at appre-
ciable angle with respect to the electric field/detector tube,
virtually no protons will be registered. OHA is more compli-
cated because this molecule is not strictly planar (having
only C, symmetry). The carbons of the terminal rings have
sp® hybridization and thus form slightly twisted rings. The
protons attached to these sp> carbons are completely out of
plane, their bonds pointing out at tetrahedral angle, see Fig.
9. This structure makes for much wider spatial angle of pos-
sible proton detection.

The probability of detection of an outgoing proton de-
pends on the orientation of the molecule with respect to the
time-of-flight tube. In the reported experiment the laser field
is horizontally polarized, and the detector is in the plane of
polarization. The molecules are randomly oriented and are
not appreciably aligned during the pulse. Thus, when the
electric field is normal to the molecular plane of anthracene
and anthraquinone, virtually no protons should be detected,
while OHA has more orientations with respect to time-of-
flight axis resulting in proton detection. Anthracene and
OHA should have similar high-energy proton expulsion fea-
tures. We expect the high-energy protons to result from mol-
ecules in which effective charge localization occurs, i.e.,
from those molecules whose long axis is aligned with the
electric field of the laser. There should be the same number
of such molecules in randomly oriented sets of anthracene
and OHA. Similarly, the lower-energy proton expulsion fea-
tures are expected to result from those molecules whose long
axis is not aligned with the electric field of the laser. As OHA
more effectively couples with the field in such orientations
due to its reduced symmetry, the lower-energy feature of
OHA shows more pronounced growth at higher laser inten-
sities in comparison with that of anthracene.

A small feature at ~2 eV is observed in OHA but is ab-
sent in anthracene and anthraquinone (Figs. 5-7, panel B).
Although this feature appears in OHA only at higher laser

intensities, the formation of 2 eV protons does not require
significant Coulomb repulsion. Such protons may result from
post pulse dissociation of electronically excited fragments
containing unbroken C-H bonds. Because there are more
C-H bonds in the OHA in comparison with anthracene or
anthraquinone, these fragments are expected to be more
abundant in OHA in comparison with the other two mol-
ecules, as observed.

The high-energy features (peaking at ~25 eV) appear to
be very similar in OHA and anthracene (the cutoff energy of
OHA seem to be slightly larger than for anthracene: ~52 eV
vs ~50 eV). Some difference can be seen in more gradual

(a)

(b)

FIG. 9. Molecular structure of 1,2,3,4,5,6,7,8-octahydro-
anthracene. (a) view in the direction normal to the central-ring

plane; (b) view along the short in-plane axis. Note the out-of-plane
hydrogen atoms on the terminal rings.
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approach of anthracene to the saturation regime (see Fig. 8).
The difference can be possibly attributed to a larger amount
of charge screening in OHA in comparison with anthracene
at lower laser intensities.

The proton energy distributions for anthraquinone are sig-
nificantly different from that of anthracene and OHA. In the
trimodal distribution of anthraquinone, the second feature
(centered at 18 eV, cutoff at ~40 eV) originates, as previ-
ously discussed, in laser coupling along the long axis. It is
comparable to the high-energy features of anthracene and
OHA (both centered at 25 eV, cutoff at 50—52 eV). Since
these modes of the distributions are expected to result from
laser coupling along the long axis of all three molecules, it is
instructive to understand how these molecular structures pro-
vide similar proton energies for anthracene and OHA and
why the proton energies for anthraquinone are lower.

In Fig. 8 the proton cutoff energies for anthracene and
OHA differ at lower laser intensities (the cutoff energy for
anthracene initially increases faster than for OHA) but prac-
tically merge at the higher laser intensities. This convergence
of the maximum proton expulsion energies for structurally
different molecules may be viewed as surprising. However,
as the degree of ionization increases, the structural differ-
ences between the two molecules have progressively smaller
impact on the charge localization process.

The resulting energies of the protons ejected from these
two molecules are ultimately determined by the nonadiabatic
charge localization along the long molecular axis. This local-
ization is conditioned by the ability of electric charge to
move from one end of the molecule to the other. Polarizabil-
ity of a molecule is a natural measure of this ability; from
this standpoint, anthracene and OHA differ by their degree of
m-electron conjugation. The polarizability of anthracene
(neutral and +1 molecular ion) is measurably larger than that
of OHA (see Table I). Therefore one expects more pro-
nounced localization of charge in anthracene, and conse-
quently ejection of more energetic protons from this mol-
ecule. Structural/electronic properties of these two molecules
also suggest that anthracene will be more readily ionized at
the lower laser intensities producing +1(+2) ions (this is cor-
roborated by our multielectron dynamics calculations for
these two molecules). In accord with these expectations, an-
thracene shows faster growth of the proton cutoff values
when compared to those for OHA at the lower laser intensi-
ties that correspond to the initial stages of electronic excita-
tion and ionization (see Fig. 8).

With increasing laser intensity, the anthracene and OHA
curves in Fig. 8 practically merge, as the degree of ionization
increases from +1(+2) to +3(+4). This suggests that as the
laser intensity increases, the degree of ionization and the
charge distribution become more similar for these two mol-
ecules. Using GAUSSIANO3, we calculated charge distributions
over constituent atoms in neutral molecules and their ions of
increasing degree of ionization. These distributions show that
in +1 molecular ion of anthracene the positive charge is de-
localized more evenly over the whole molecule, while in
OHA the positive charge is delocalized mostly over the cen-
tral aromatic ring. With an increasing degree of ionization,
the additional positive charge in both anthracene and OHA
concentrates predominantly on the terminal rings, producing
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charge distribution picture essentially similar in both mol-
ecules. Thus, at higher degree of ionization, the two mol-
ecules manifest progressively similar charge-distribution re-
sponse to strong laser field, despite considerable differences
in electronic properties of neutral molecules.

Unlike anthracene and OHA, anthraquinone has an effec-
tive barrier preventing electron motion from one side of the
molecule to the other side through the central ring. This bar-
rier impedes the charge oscillations in the anthraquinone ion
in a strong field making for lower charge available for local-
ization. This weakened localization results in the observed
~20% shift of the second mode of the proton kinetic energy
distribution to lower energies. Note the characteristic differ-
ence in the roles that the central ring plays in anthraquinone
and OHA. In OHA, the central aromatic ring does not disrupt
but rather improves the communication between the terminal
rings. This mediates charge delocalization in the ion and
makes for more effective charge localization on one of the
terminal rings.

The foregoing discussion emphasized the important fact
that the proton kinetic energy distributions of these mol-
ecules are signatures of field-dressed molecules that only re-
veal themselves in the strong-field regime. As such, the ob-
served differences in the distributions cannot be predicted
based exclusively on weak-field molecular electronic param-
eters (such as polarizability, ionization potential, magnitude
of energy gaps between various electronic states, and corre-
sponding transition dipole moments). This shows once more
that strong-field properties of a molecule are complementary
to its weak-field properties and cannot be reduced to them.

Finally, we address the most interesting structure-specific
high-energy feature of anthraquinone proton kinetic energy
distributions (up to 83 eV, see Figs. 4 and 7); this feature is
absent in either anthracene or OHA. Since anthraquinone is
the only molecule in this series containing oxygen, and the
high-energy feature is specific to anthraquinone, we attribute
the formation of this feature to intramolecular interaction of
anthraquinone protons with oxygen. We propose that the
oxygen atoms are highly polarized by the charge localization
during the laser pulse and contribute to the formation of
these high-energy protons.

Although oxygen atoms in anthraquinone can be polar-
ized to harbor a significant transient positive charge, in the
ground-state geometry they are still separated from the clos-
est protons by ~1.5 A, which seems to be too great a dis-
tance to explain the formation of the most energetic protons.
It is known, however, that structures similar to anthraquinone
may exist in an isomeric zwitterionic form. The formation of
the isomer would happen if an H atom adjacent to oxygen
migrated from the carbon of the aromatic ring to form a bond
with the oxygen. In the zwitterion a partial negative charge
would be delocalized over the aromatic ring (from which the
proton had migrated) and a counter positive charge would
reside on the oxygen atom accepting the proton.

In our previous paper [24] we modeled possible formation
of anthraquinone zwitterion by optimizing its structure using
GAUSSIANO3 [B3LYP density-functional method with a
6-311G(d) basis set]. Although computations reveal a shal-
low (less than 0.1 eV deep) high-lying (~6.8 eV) local po-
tential energy minimum for a proton near oxygen, our analy-
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sis has also shown that such an isomer of anthraquinone
cannot be formed under normal gas phase conditions on ei-
ther the ground or electronically excited potential energy sur-
faces.

However, the electric field of the laser causes redistribu-
tion of the electron density within the molecule and the mo-
lecular ion of anthraquinone, substantially changing the
nuclear potential energy surfaces during the laser pulse,
which in turn can cause restructuring of the molecule prior to
Coulomb explosion. The restructuring is predicted by a nu-
meric model [24] in which charge redistribution in the mol-
ecule under the influence of a strong field results in transient
forces on the nuclei, inducing fast proton migration toward a
field-dressed potential energy minimum near an oxygen
atom.

To model the intramolecular proton motion under the ac-
tion of strong oscillating forces of the polarized charge, we
reduced the H* potential surface to one dimension. The
model potential curve reproduces the two main features of
the H* potential energy surface, i.e., the deep minimum of
the equilibrium position and a weak isomeric minimum,

V(z)=V0<‘1—‘Z4—%zz+2(1—y)z>. (1)

Here, z=x/x, is the dimensionless variable, V,, x,, and 7 are
fitting parameters to model energy splitting between the
ground-state and the isomer structure (AE=6.8 e¢V), the in-
terminimum spatial distance (Ax=2.5 A), and the frequency
of the proton oscillations near the equilibrium minimum
(wp=0.63 fs~!) [55]. The parameter vy is small to ensure that
the isomeric minimum is shallow.

Within this model, the dimensionless equation of motion
of the proton driven by the oscillating force with frequency
w is given by

d*z Ax
9-8y) -5 =-2"+3z+2(1-y) +2—
( v)dTZ Z+3z+2(1-9)+ AE

9 8 3
X(g —9Y \/?)f(z,BT), (2)

where T=wyt, B=w/w, The effective oscillating force
f(z,B7) acting along the reaction coordinate z consists of two
terms that represent the alternating H-O Coulomb drag and
H-C bond softening induced by the polarization in the laser
field applied in the direction parallel to the line connecting
the oxygen atoms. For one half-cycle of the laser field oscil-
lations, when the H* under consideration is on the positive
side of the molecule, the C-H bond is softened. During the
next half-cycle, the negative charge on oxygen atom attracts
H*. The alternating actions of the bond softening and the
strong attraction extract the H* out of its equilibrium position
and propel it to the isomeric minimum.

We numerically solved Eq. (2) using structural and elec-
tronic parameters of anthraquinone [51]. The behavior of H*
depends qualitatively on the strength of the oscillating elec-
tric field. In a relatively small field, the proton oscillates near
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the equilibrium position with a period characteristic of C-H
bond vibration (~10 fs). As the field strength grows, these
oscillations become more complex, but H* is still confined
near the equilibrium minimum. However, when the field ex-
ceeds a threshold of about 2.5 V/A, the trajectory undergoes
a transition to large-amplitude oscillations centered at the
higher isomeric minimum. Depending on the field strength,
the H* transfer to the field-dressed minimum takes 25 fs or
less. Thus, the restructuring of the molecule can occur before
the Coulomb explosion expels the H" with high kinetic en-
ergy.

Another corroborating piece of evidence for the intramo-
lecular proton transfer is the observation of OH* ion in the
spectra of anthraquinone, see Fig. 1(c). We have conducted
an additional experiment to verify that the observed OH*
signal results from anthraquinone molecule and not from any
water molecules that might accompany the solid an-
thraquinone sample or occur in the chamber background.
Specifically, we have heated the chamber containing the
sample of anthraquinone (up to 100 °C) and monitored the
amount of water signal in the anthraquinone spectra, as well
as the shape of the H* distribution. As the chamber is heated,
initially the amount of detected water and OH* signal in-
creases significantly, indicating drying of the hygroscopic
solid anthraquinone sample and desorption of water mol-
ecules from the walls of the chamber. The H,O% signal re-
mains high for about 30 min, and then decreases to much
lower levels comparable to those of background water with-
out anthraquinone sample in the chamber (at the relevant
temperature). However, the shape of the H* distribution is
not affected by the heating of the chamber, and the amount of
OH™ remains relatively higher than could be expected from
dissociation of background H,O and comparable to that ob-
served before heating.

Field-driven restructuring of anthraquinone structure oc-
curring prior to the Coulomb explosion explains how protons
come into a close proximity to oxygen before being subse-
quently ejected with high kinetic energy. Thus, the H* kinetic
energy distributions of anthraquinone can be understood as
follows. The lower energy modes of the distributions
(<50 eV) result from processes analogous to that discussed
previously for anthracene [23]. The high-energy mode spe-
cific for anthraquinone (extending up to ~83 eV at the high-
est laser intensity) is the result of H* expulsion following the
intramolecular transfer into the field-dressed metastable
minimum.

CONCLUSIONS

The energy distributions of the protons resulting from the
dissociative ionization of three polyatomic molecules sub-
jected to strong near IR laser pulses reveal system-specific
characteristics of the pulse-driven fragmentation process.
The laser intensity regime U,~ A proves to be favorable for
uncovering the molecular structure effects on the strong-field
electron-nuclear dynamics. The measured proton kinetic en-
ergy distributions depend sensitively on the molecular struc-
ture, although the observed differences in the distributions
cannot be predicted based exclusively on the weak-field mo-
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lecular electronic parameters (such as polarizability, A, ion-
ization potential). It is shown that the proton kinetic energy
distributions are signatures of field-dressed molecules that
only reveal themselves in the strong-field regime. The char-
acteristic features of the proton energy distributions are ex-
plained in terms of nonadiabatic charge localization and
field-mediated restructuring. Measurements of the energy
distributions of the protons released in the process of Cou-
lomb explosion of large organic molecules should become
important tool for studying the strong-field electron-nuclear
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dynamics of energy deposition and molecular fragmentation.
Utilization of these processes can open new prospects for
effective quantum control of strong-field molecular fragmen-
tation and reactivity.
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