Ultrafast hydrogen migration in photoionized glycine
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ABSTRACT

Hydrogen migration in the glycine cation has been investigated using a combination of a short train of
attosecond extreme ultraviolet pulses with few-optical-cycle near-infrared pulses. The yield of the
photofragments produced has been measured as a function of pump-probe delay. These time-dependent
measurements reveal the presence of a hydrogen migration process occurring in 48 fs. Previous mass
spectrometric experiments and theoretical calculations have allowed us to identify the conformations and
cation states involved in the process induced by the broad band extreme ultraviolet radiation.
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The study of isolated amino-acids in the gas phase allows for complex processes to be probed down to their
fundamental molecular properties. Most amino acids present a high degree of conformational flexibility
associated with their backbone and side chains, with many local minima in the torsional potential-energy
surface. The resulting conformational variety determines the three-dimensional structure of a protein and
thus its functionalities."
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The a-amino acids contains two functional groups, a carboxyl (COOH) and an amino (NH,) group bonded to
a central carbon atom, the so-called a carbon (C,). As structural units that make up proteins, they play an
important role in an enormous variety of life processes and metabolic reactions. Among the amino acids,
glycine (NH,CH,COOH) is the simplest one? with a single hydrogen atom as a side chain of the C,, and it is
often used as a prototype to disentangle physical processes occurring in more complex amino acids. In
particular, the knowledge of its structure and reactivity is crucial to understand the role of transient species
involved in protein radical catalysis as well as the effects of oxidative damage in proteins® initiated by
ionizing radiation.**

In this context, the investigation of the very first instants following the interaction of glycine with extreme
ultraviolet (XUV) radiation can provide a direct insight into processes, such as intramolecular hydrogen
transfer, that in a peptide may lead to oxidative damage. Previous studies have shown that removing an
electron from the neutral system modifies both the acidity and the basicity of the groups involved in the
hydrogen bridge bond, in such a way that it is difficult to establish how this hydrogen bond would be
affected by oxidation.®*°

The effects of the ionizing radiation on the relative stability of the glycine conformers, of Cs and C;
symmetries, and on the intramolecular hydrogen transfer process have been theoretically investigated using
several different approaches.™

The photoionization induced dynamics of two conformers has been analysed on the picosecond time scale by
a classical trajectory simulation'” and recently Ayuso et al.® theoretically studied the ultrafast electron
dynamics induced by attosecond pulses. Several papers have been devoted to the study of the ionization and
fragmentation of glycine by synchrotron and VUV He(l) radiation**?, electron'®?', multiply charged ions****
and fs laser®, as well as to the competition between ultrafast H migration and Coulomb explosion in glycine
dications by collisions with multiply charged ions**. No direct investigations of the processes occurring at the
early times of glycine photoionization have been reported in the ultrafast time domain so far.

Attosecond technology now enables the investigation of the primary relaxation processes involving
electronic and nuclear degrees of freedom and their coupling®, with unprecedentedly high temporal
resolution. This has been recently demonstrated in the case of the phenylalanine amino acid where isolated
attosecond pulses of XUV radiation were used to trigger prompt ionization. The observed periodic variation
of the charge density around the amine group was attributed to the coherent excitation of a few 1-hole
cationic states by the broadband XUV pulse and the electronic wave packet created was probed by
femtosecond pulses.”® With the same experimental approach the non-adiabatic relaxation as well as the
nuclear rearrangement following the ionization by an XUV attosecond pulse train have been demonstrated
for 5-Fluoro- and 5-Bromo-Uracil radiosensitizers®®?’ and DNA building blocks such as thymine and
thymidine®®, and it could be used in the future to investigate the ultrafast dynamics in model systems
for the DNA-protein interaction such as 5-Benzil-Uracil. 2%

Here we present a time-resolved study of intramolecular hydrogen migration in glycine triggered by the
sudden ionization induced by an XUV attosecond pulse train and probed by few-femtosecond near-infrared
(NIR) pulses.

The photofragmentation mass spectra obtained using either NIR or XUV pulses are shown in Figure 1 (top
and bottom panels, respectively). In the multiphoton NIR mass spectrum the most intense peaks correspond
to the parent ion and the aminomethyl cation [NH,CH,]" at the mass-to-charge ratios (m/z) 75 and 30,
respectively. The NIR pulse allows the ionization and the breaking of the C-C, bond with release of the
[NH,CH,]* cation and the [COOH]" radical.'® The XUV mass spectrum is significantly richer than that
generated by the NIR pulses due to the pulse bandwidth (16-50 eV) which enables the access to higher
excited states of the cation leading to different and more extensive dissociation pathways. In both mass
spectra, the peak of the [NH,CH,]" fragment is the most intense one. Its appearance energy has been
measured to be 350 meV above the vertical ionization energy™, while theory predicts that it can be directly
accessed after molecular ionization via a barrierless pathway.?



The breaking of the C-Ca bond can also lead to another dissociative channel where the charge is on the m/z
45 fragment assigned to [COOH] ™. In the inset of Figure 1 the m/z 45 fragment is accompanied by the m/z
46 fragment assigned to [C(OH),] "**%. The relative intensity of the [C(OH),]™ with respect to the [COOH] ™
fragment in Figure 1 is about 9.4 %. This is consistent with previous mass spectrometry measurements® and
more recent photoelectron-photoion coincidence (PEPICO) experiments®, where the m/z 46 ion represents a
minor fragmentation channel in the XUV energy region. In addition, the state-selected PEPICO spectra®
showed that the formation of this fragment occurs in a narrow region of binding energy between 12.2 and
15.7 eV, where the ionization of the 4a”’, 3a”, 14a’ and 13a’ orbitals occurs. Recent calculations®® of the state
selected photoionization cross section showed that the largest contribution to the cross section in the energy
range of the XUV pulse is given by the 14a’ orbital. Moreover the calculations in ref. [33] showed that this
orbital is delocalized along the H-O—C—C—N backbone and is affected by conformational process
independently of the rotated bond. Thus a rotation around the Ca-N bond can result in a conformation
favourable for the H/H" transfer from the NH, moiety to the COOH one, as shown in the inset of Figure 1.
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Figure 1. Mass spectra of glycine induced by NIR (top panel) and XUV (bottom panel) photoionization. The mass spectra have been
normalized to the peak at m/z 30. The two insets in the bottom panel show the peaks at m/z 16 corresponding to [NH,]** and at m/z 44, 45, 46
corresponding to [CO,]", [COOH]" and [C(OH),]", respectively. The inset in the top panel, shows the different conformations of glycine with
the NH, moiety which passes from bifurcated to in plane configuration after the ionization. The dotted line depicts the hydrogen bridge bond.

To investigate the dynamics of the H/H" migration we have measured the time dependent yield of m/z 45 and
46 fragments as a function of the delay between the XUV pump and NIR probe pulses. To emphasise the
temporal dynamics of the process the ion yields in Figure 2a have been presented on a [0,1] scale, by
subtracting a flat background from the raw data and normalizing the resulting maximum value to one. In
order to be formed, the m/z 46 fragment requires an H/H" transfer reaction leading to an isomer of the
glycine cation. The calculated interconversion barriers® (1.56 eV) between the canonical and the isomeric
forms of the cation in the ground state are significantly lower than the energy of the XUV pulse.



The XUV ionisation of glycine can trigger the isomerisation, with a hydrogen migrating to the carboxyl
oxygen and the creation of the fragment at m/z 46, as confirmed by the XUV mass spectrum in Figure 1.
These complementary dynamics have been fitted using the convolution of an exponential decay function,
P(t), with a Gaussian function, G(t), representing the cross correlation signal between XUV and NIR pulses:

S)=B+A-P(t) QG(t) Q)

where B is the background, A is the amplitude of the signal and P(t) is given by the following expression:

P(t) = <e_f;e_:';3’> or <1 - e_fi_isTe> 2

where the time constant zeecayrise represents the decay or rise time of the dynamics and T corresponds to the
shift with respect to the zero time delay. By fitting the dynamics of fragments m/z 45 and 46 we retrieved a
decay time 7gecay= 49.5 = 2.7 fs and a rise time 7= 47.9 £1.7 fs, respectively, which indicates that the time
required for the hydrogen to be transferred is approximately 48 fs.

In order to investigate if it is a proton or a neutral H which is involved in the isomerization, the temporal
dynamics of the H" has been investigated. Within the statistical uncertainty of the data no temporal dynamics
is observed for the m/z 1 fragment. This however does not exclude the H* transfer because the proton may
never become so loosely bound to dissociate.
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Figure 2. Integrated ion yield as a function of the pump-probe delay for fragments at m/z 45 (a, black dotted line), 46 (a, red
dotted line) and 16 (b, blue dotted line). Positive time delay values correspond to interaction with the XUV pulse first
followed by the NIR pulse. The solid lines represent the fitting curves. The variation in the yields of the m/z 45, 46 and 16 are
54.4+1.8,41.4+1.1and 36.8 + 1.6 %, respectively.



The isomerization in glycine has been commonly described in the literature as originating from the C, site to
produce either the enol form [NH,=CH-C(OH),] (Figure 3a) or the [NH;-CH-COOH] isomer (Figure 3b).
We propose the alternative pathway involving H/H+ transfer from the amino group directly to the carboxyl
oxygen atom as also suggested by ref. [17] (Figure 3c).

Figure 3. Schematic of the isomerization mechanisms described in ref. [14] involving the migration from the Co to the
carboxylic group (a) or to the amino group (b). The alternative pathway described in ref [17] involving the transfer from the
amino group directly to the carboxyl oxygen atom (c).

In order to shed light on this point we analysed the dynamics of fragment at m/z 16 shown in Figure 2b. Both
[NH,]"* and O ions can contribute to the m/z 16 peak. Fitting the signal with the functional used for the m/z
45 fragment, we infer a time constant of zgeca= 41.9 + 7.6 fs, very similar to that of the m/z 45 fragment. We
attribute the variation in the yield of the peak at m/z 16 to the contribution of the [NH,]"* ion. This suggests
that fragments at m/z 16 and 45 are involved in the same process, where the former acts as hydrogen “donor”
and the latter as hydrogen “acceptor”.

This picture might be supported by the results of Kuleff et al** who predict that the charge migration in
glycine occurs through a pure hole-mixing mechanism involving the orbitals 13a’ and 14a’. Initially the hole
is created in orbital 14a’, which is spread over the entire molecule, but has its highest density located on the
N-terminal moiety. After a few femtoseconds more than 90% of the hole is transferred to the orbital 13a’,
which is localized mainly on the carboxyl (COOH) group. Then the process continues in reverse order until
the charge has returned back to its initial position in t = 7fs. Despite the fact that the charge oscillations are
faster than nuclear rearrangement, they nonetheless determine the effective potential seen by the nuclei and
therefore may drive the H transfer between the NH, and COOH moieties leading to the formation of the m/z
46 fragment.

The present experimental observation can be interpreted considering all the possible calculated conformers
of the neutral and ionized glycine.™'® Among them, the structure in which the O-H, NH,, and CH,, groups
are in their normal orientations, with a bifurcated hydrogen-bonding arrangement, has been identified as the
lowest in energy and the most stable in the neutral molecule.***®

In the ionization process, a rotation around the C,-N bond changes the orientation of the NH, group from the
bifurcated configuration to an in-plane arrangement (see inset in Figure 1) in order to form one of the most
stable radical cation structures™. It has been calculated that the ionization of the bifurcated structure leads to
a first-order saddle point that evolves to the structure in which the NH, and C=0O groups lie on the same



plane’®. This rearrangement influences the hydrogen bonds involving the amine group, with an increase of
the NH, acidity as the intramolecular hydrogen bonds in which -NH; acts as proton donor is strengthened.
Therefore the hydrogen bond between the NH, and the carboxyl oxygen atom (N-H...-O=C, Figure 1) can be
considered to be strongly stabilized in the glycine radical cation and responsible for the complementary
dynamics on fragments 45, 46 and 16.

It is interesting to note that the time constants determined here are similar to the 30 fs estimated for the H
migration by Maclot et al.? in the Coulomb explosion of glycine dications in fragments H,NCHCO" (m/z
57) and H,O" (m/z 18) as well as with the isomerization time of about 50 fs measured in the acetylene cation
by the absorption of extreme ultraviolet pulse with the duration of about 30 fs at the Free Electron Laser in
Hamburg.*®

In conclusion, the sudden ionization of a molecule by broadband XUV pulses, inevitably leads to the
coherent superposition of a large number of electronic states'®*® with the direct result that many
dissociative channels become active. However, the selectivity conferred by the photoionization cross-
section™® and the possible conformation of the cation limit the number of significant channels contributing to
the measured dynamics.
We showed that a typical ultrafast pump-probe measurement can be exploited to tackle the hydrogen
migration process occurring in ionized glycine. The analysis of the complementary dynamics of the
fragments with m/z 45 and 46 enabled us to determine the time scale of H migration to be about 48 fs. On the
grounds that the dynamics of m/z 16 fragment, [NH,] ™, occurs on a similar timescale, we suggest that a H/H"
of the amine group is involved in the process. This conclusion is further supported by the large cross section
of the 14a’ orbital, its charge distribution and a conformation in which the NH, and C=O groups lie on the
same plane.
The results of this work proved that a technology based on trains of attosecond pulses is suitable to
investigate nuclear rearrangement in addition to electron dynamics. This represents a step forward in the
real-time observation of the chemical rearrangements and transition states in systems of biological interest.

EXPERIMENTAL METHODS

Near-infrared (NIR), 5-fs pulses centered at 750 nm with 2.5 mJ energy, 1 kHz repetition rate and a residual
single-shot CEP fluctuation of £200 mrad (rms) were obtained by hollow-core fiber compression of 25 fs, 6
mJ, 800 nm pulses®. A portion of the NIR beam (70%) was focused into a static gas cell filled with krypton
to produce a short train of XUV attosecond pulses (estimated overall duration of 1.5 fs)*’ by high-order
harmonic generation. A 100 nm thick aluminium filter was used to filter out the fundamental radiation and
the energy region of the spectrum below 16 eV. The remaining portion of the NIR beam (30%) was time
delayed by using a piezo-stage and then collinearly recombined with the XUV beam by using an
interferometric approach .

The molecular beam of isolated and neutral glycine molecules was generated by evaporation from a
cylindrical oven interfaced with a pulsed Parker valve operating at 100Hz and equipped with an adjustment
mechanism in order to optimize the vapor densities directly on the signal. The oven and the valve are
assembled in a set-up described in ref.[27]. The sample was sublimated at 170°C in the oven and the vapors
produced were entrained out by a Kr pulsed beam provided by the Parker valve with a nozzle diameter of
500um. A 1-mm hole skimmer was used to select the central part of the molecular beam providing isolated
and neutral molecules into the interaction region between the repeller and the extractor of a Velocity Map
Imaging (VMI) spectrometer. The ions were extracted perpendicularly to the plane defined by the molecular
and laser beam directions and detected by a pair of MCPs and a phosphor screen. The ion signal was



collected from the phosphor screen, amplified and then sent to the acquisition system. The time of flight
(TOF) spectra were recorded as a function of pump-probe delay with temporal steps of 3 fs.
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