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Abstract :

We propose a bending magnet beamline, Skiron, for advanced chiroptical spectroscopies
in solids, liquids and gases. Two different branches will address different experimental
scenarios:

Branch A (windowless, in vacuum) will deliver monochromatic circularly polarized
photons in the wavelength range 400- 30 nm (3-40 eV) with helicity switching frequency
of ~1 kHz. Circular Dichroism (CD) will be probed by measuring differences of the
photoemitted electron currents from a gas or liquid jet. As a result, CD spectroscopy in a
unprecedented energy range will be possible, allowing to explore the optical activity of
electronic transitions involving deep molecular orbitals of relevant organic molecules.
Branch B will deliver photons in the interval 400- ~130 nm. It will use linearly polarized
radiation from the bending magnet and a recent instrumental development based on
four photoelastic modulators which will allow to measure in real time the complete
Mueller polarization matrix of solutions, solids or thin films and , in his way, to
simultaneously determine the linear and circular dichroism of anisotropic systems.
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1.- Introduction

1.1 Historical notes . [1]

Chirality is a ubiquitous  phenomenon through nature ranging from fundamental
particles, molecules, solutions, crystals, living organisms to galaxies. Chirality is closely
linked to optical activity and chiroptical spectroscopies refer to the response of chiral
objects to polarized -electromagnetic radiation. Nearly all biomolecules, and
pharmaceutical products are chiral and are the object of chiroptical spectroscopies. A
chiral molecule and its mirror image are non-superposable and, in chemistry, each one of
these two forms is called an enantiomer.

The discovery of optical activity is attributed to two French scientists Dominique-
Francois Jean Arago (1786-1853 of Catalan origin) and Jean Baptiste Biot ( 1774-1862)
which observed the rotation of the plane of polarization of light that traversed a quartz
crystal. The chirality of quartz crystals arises from the helical arrangement of Si and O
tetrahedrons in SiO2 crystals. Both scientists investigated the optical activity of quartz
crystals although Biot also investigated organic compounds as oils and solutions of sugar
and tartaric acid. Later, Adam Arnster at the end of the XIX century discovered that the
angle of rotation was dependent of the wavelength of the radiation and exhibited a
maximum. This was named optical rotary dispersion. In 1895 the 26 year old Aime’
August Cotton , PhD student of I’Ecole Normale Superieur discovered that the rotation
angle may show a maximum and a minimum at different wavelengths and that in
between, the ellipticity exhibits a maximum. Cotton introduced the term “circular
dichroism” (CD) to refer to this phenomenon. In 1940 , circularly polarized
luminescence was observed from chiral crystals. In 1950, commercial instruments were
fabricated to measure the optical rotation and in 1960 instruments for measuring the
electronic circular dichroism were introduced which originated a large expansion of
chiroptical spectroscopies in the fields of organic and inorganic chemistry and
biochemistry. In the decade of 1970 other dichroic effects were observed in addition to
the electronic CD (that results from electronic transition from filled to empty states upon
absorption of a photon): vibrational CD and Raman optical activity However, in this
manuscript we will only refer to electronic CD.

The quantum mechanical description of the chiroptical phenomena dates from 1929 by
Rosenfeld [2], in 1948 the exciton theory for UV was published (Davydov) [3] but only
until 1980-90 he theoretical descriptions did not reach a mature stage.

In Spain instruments for CD measurements in solutions and thin films are widespread in
many universities and laboratories. At present there are at least 30 equipments devoted to
CD . The first one dates from 1990 approximately.



1.2 Basic Concepts

Linearly polarized light may be regarded as arising from the superposition of two
circularly polarized waves. If the light propagates in an anisotropic medium that
introduces a phase shift o to the right circularly polarized wave and -0 to the left then,
the plane of polarization is turned an amount o . If the phase shift d is due to different
refraction index n of both circular polarizations then for a medium of thickness d, 20 =k
(nny)d, being k the magnitude of the wavevector . The rotation of the plane of
polarization  per unit length &/d is the so called rotatory power or rotary dispersion R
which is directly related to the difference of the refraction index.

On the other hand, a different effect, CD arises if the absorption of both circular
polarized waves is different. If a linearly polarized light transverses a medium of
thickness d that has dichroism (different absorption coefficients a, and a;)) , the
amplitudes of the circularly polarized waves are different at the exit which results in an
elliptical polarized light. The ratio of the two axes of the ellipse is directly related to the
difference in absorption of right and left polarizations and defines the so called ellipticity
Ae =Ya (arra)d  [4].
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The difference of refraction index for right and left
circularly polarized light originates the rotation o of the
ellipse that describes the electric vector. The difference in
absorption coefficients causes different magnitudes

of E,+E, and E,-E, which determine the ellipticity angle
Ae.
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Moreover, rotary power and ellipticity are closely related to each other through
Krammers-Kronig transforms, which allows to convert one into the other :

Rocj%ﬂ
A

where the integral extends to the whole range of available wavelengths.
As a consequence in many cases the discussions on optical activity refer indistinctly to
rotary power or dichroism.



The quantum mechanical description of the rotary power derived by Rosenfeld [2]
demonstrated that the rotary power is equal to the imaginary part of the scalar product
between the electric transition moment and the magnetic transition moment:

R:Im{<0/p/a>0<a/m/0>}

Where 0 and a refer to initial and final states and p and m are the electric dipole and
magnetic dipole operators. In classical terms, the above results states that the projection
of the induced electric dipole arising from the dipolar electric transition, originated by the
absorption of a photon, on the induced magnetization has to be non zero to have optical
activity in the absorption band among the states 0 and a. [5].

The expression of R corresponds to a second order effect involving dipolar electric and
magnetic transitions. In many practical cases R arises from dipolar forbidden electrical
transitions that become sizeable due to the effect of the electronic neighborhood of the
absorbing atom. What matters here is that in many cases CD defined from the
experimentally measured transmissions of left and right circularly polarized light rays

( I-Iy) /(I++]) is of the order of 10 or even 10 . For comparison, X ray magnetic CD in
transition metals as Fe, Co and Ni is of the order of 107",

The electronic CD exciton chirality method [6] allows to determine the absolute
configuration of chiral compounds in a non empirical manner without referring to model
compounds with known configuration. Suppose that a chiral compound has two
cromophores that absorb a photon each one via , for example , an allowed dipolar
transition 7 to ¥ . The electrical dipoles induced by the absorption of the light interact
with the electrostatic dipole-dipole energy which generates and additional energy term in
the Hamiltonian which splits the final state in two one sublevels with positive and
negative rotary dispersions:

Rociri/.(pma ijOa)

rj; is the vector from the i1 to the j chromophores and p;jo. refers to the induced electric
dipole moment in the chromophores for an optical absorption transition from 0 to a.

The sign of the rotary power depends on the configuration of the chromophores and the
orientation of their induced dipoles.

Experimentally the interaction of both dipoles results in the so called bisignate intense
CD Cotton signal which sign reflects the arrangements of the two cromophores in the
compound.

The exciton model is extensively used in the literature to rationalize the CD spectra of
organic compounds in solutions including biomolecules.

As mentioned above the rotary power is usually small since it arises from a second order
effect. Due to its smallness, electronic CD measurements based on differential photon
absorption are inherently difficult in dilute systems and necessitate relatively thick
samples to achieve sizeable signals. In solutions of biological systems the pathlengths
within the samples are typically around 0.1 mm or more.



Almost 40 years ago B. Ritchie [7] published a theoretical paper demonstrating that in
randomly oriented molecules exhibiting optical activity (dextrorotatory or levorotatory),
the angular distribution of emitted photoelectrons ejected on absorption of left or right
polarized light has a term that is sensitive to the chirality of the emitting molecule:

1(0) =i[l—ﬁ(§cos2 9—lji80059}
4rx 22 2
The angle 6 is defined by the direction of the photon beam and the emitted phtoelectrons
,o is the photoelectric cross section and the coefficients B and B contain coupling terms
in combination with photoionization matrix elements. The plus and minus sign of the B
term , introduced by Ritchie, respectively refer to the emission from dextro or
levorotatory randomly oriented molecules which exhibit different photoemission yields
for a given 0. Alternatively, a given enantiomer exhibits a difference in the
photoemission current at 6 and 0+m equal to 2BcosO, being B  directly related to the
optical activity
The quadratic term in cos vanishes at the so called magic angles: 6m = cos™ (1/V3 ) =
54.7° and 180°+0m = 234.7".

Most important is the fact that the magnitude of B is the result of a first order effect
based on the interference of dipolar transition matrix elements associated to the
absorption of the photons and consequently its magnitude was predicted to be orders of
magnitude larger that the conventional natural electric/magnetic dichroism. In recent
literature this effect is named PECD (photoemission circular dichroism).

The prediction by Ritchie was brought to evidence 25 years later, in 2001, by the group
of Heizmann [8] wich measured using circularly polarized radiation from a bending
magnet at Bessy, normalized differences of the photocurrents from gas phase camphor
molecules as high as 0.04.
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1.3 Selected examples of chiral spectroscopy.

1.3.1 Secondary structures of proteins

The most extended application of CD spectroscopy is probably in the analysis of
solutions of biomolecules, particularly for studying protein secondary structures. This
application has been active for more than two decades. Empirical analyses rely on the
availability of reference data sets of far UV CD spectra of proteins whose crystal
structures have been determined. An extensive research for defining a data set has been
performed by the group of Wallace and co-workers [9]. As an example to illustrate how
spectra typically look line , figure 1.3 displays the 72 spectra of proteins of the SP175
data set.



Figure 1.3.

CD spectra of all the component
proteins of the data base. The spectra of
the mainly a-helical proteins are in red,
the mainly (-sheet in blue , the mixed
helical/sheet in green and the * other”
are in yellow [9].
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It is interesting to notice that at the lowest measured wavelength, the red spectra have
positive values while the blue are negative.

It is clear form the figure that very careful data fitting procedures and error analysis are
required to decompose a CD spectrum measured in an undetermined sample into one of
several reference spectra.

1.3.2 Chiral amplifiers.

Chirality amplifiers are designed and utilized to sense chirality in molecules with weak
optical activity. By linking zinc porphyrines which have flexible parts in their structure
with chiral diamines or alcohols a large enhancement of CD may be obtained since the
porphyrine-diamine (or alcohol) complex produce bisignate CD signals resulting from
the interaction of excitons of the twisted porphyrine transitions. Figure 1.4 from ref. 6 ,
chap.9, shows in panel a the Zn porphyrine which may have two conformations: either
the left half in above the right or viceversa. Both conformations result in different signs
of the CD as described by the exciton model. The diamine in panel b ,linked to the
porphyrine produces an intense CD signal (panel ¢) of more than 1000 cm™ mol™.
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Figure 1.4.

(a): zinc porphyrines may adopt two configurations upon binding with a chiral ligand.
They resemble scissors either right or left handed. (b) diamine ligand. (¢) ellipticity

Ag in cm™ (mol/liter)”! versus wavelength. The intense bisignated CD is a consequence
of the interaction of the excitons.

1.3.3 Supramolecular systems

Supramolecular structures rely on the formation of intermolecular bonds through a large
variety of interactions as electrostatic, hydrophobic, hydrogen bonding, Van der Vaals,
adsorption ...The understanding of the intermolecular , non covalent, bonds is much less
advanced than the covalent bond formation but those are responsible of the formation of
supramolecular species some of them exhibiting conformational switching upon given
particular stimuli as temperature and light. Supramolecular structures may be chiral even
if the building blocks are achiral, and a given chirality can be transformed to the
enantiomeric by external stimuli.[10]. These phenomena exhibit an enormously rich and
important phenomenology that allows to gain understanding of complex systems. The
creation, control and amplification of chirality is a fundamental issue in biosciences and
material science.

A nice and representative example of supramolecular transformations is depicted in
figure 1.5 which illustrates a molecular motor driven by light and temperature [11].
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sulphur terminated, was adsorbed
on a very thin film of Au (5nm)
deposited on a coated quartz
substrate. The S-Au bond is
strong enough to have the “legs “
of the thiol molecule firmly
anchored on the metal. The head
of the thiol is connected to the
rest of the molecule by an axis
that allows its rotation with a
proper stimulus. The surface
concentration of thiol molecules
was about 10 '*cm™ . The initial
spectrum (black) shows an
| ! inversion of the signal when the
200 240 280 320 enantiomer is generated (red) by

nm means of UV irradiation.

CD (mdeg)

Thermal helix inversion (60 °C , 2 h) restores the initial spectrum (green). A second
photochemical isomerization (blue) generates the second unstable enantiomer in the
rotary cycle. Subsequent thermal treatment regenerates the original conformation [11].

1.3.4 Photon induced deracemization.

The different absorption of right and left circularly polarized radiation by chiral
molecules may result in the evolution, upon irradiation, of an initially racemic mixture(i.
e. one that has equal amounts of left- and right-handed enantiomers of a chiral molecule)
towards an enrichment of one enantiomer over the other. The first evidence of this
phenomenon was published in 1974 by Yoneda et al. [12] . Irradiation of a racemic Cr-
acetyl-based solution with circularly polarized light obtained form a laser and a quarter
wave plate resulted on a 4.5 % enrichment of an enatiomer over the other. Which
enantiomer was enriched depended on the helicity of the radiation.

This phenomenon attracted considerable research over the last years and it has been even
argued that could be in the origin of the homochirality of aminoacids and sugars in living
organisms [13].

A recent result illustrates the richness of the phenomena participating in the photon
induced processes. An initial racemic solution of crystallites with R and L crystal
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structures evolved to a 100% pure R or pure L by irradiating with circularly polarized
light of R or L helicities respectively and simultaneously stirring mechanically the
solution with ultrasonic waves. Figure 1.6 summarizes the findings [14]

a

Figure 1.6 .

(a). Light from a 200W Xe
discharge light source is focused
and transformed to R or L
circulary polarized. The light
irradiates solutions or suspensions

S © T of a compound designed rac-1.
BT /7 £ S/ .
£ sl 7 T s (b) CD spectra of enantiopure
§ O 3§ o= solutions (¢) temporal evolution
i, Tgo - of the enantiomeric excess with
“ L] . . .
I e ) PN 10 o 1 2 . T irradiation.
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The 100% enrichment shown in the figure requires abrasive grinding of the solution.
Glass beds were added to the solution that was installed in a standard ultrasonic cleaning
vessel. The results illustrate the importance of diffusion processes in the solution and of
aggregation on crystal faces in the chiral imbalance process, induced deterministically
by the mechanical stirring. The microscopic origin of these processes is at present
essentially unknown.

1.4 Experimental aspects

Almost 100% of the operating CD setups are based on an optical scheme, developed
more twenty years ago, that has proven to be extremely good and that it is appropriate to
describe in this section.

Figure 1.7 shows schematically the components of a conventional CD instrument [15].

Monochromator Source

1 Lo .
[Iersarons o~ ..l P - )T 8 Mb polarizer

~f=1 \ 1|= PMQ__U\
Detector

Figure 1.7.

Schematics of a conventional CD spectrometer.
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The source is usually a 100-150 W Xe arc discharge lamp which generates photons in the
visible and UV range. Typically a lamp produces at A = 200 nm and AL = 1 nm about
10" photons /s . The emitted photons are focused to the entrance slit and are collimated
by the Mc mirror to impinge on a grating with variable incidence angle that acts as
monochromator. The monochromatized flux is focused to the exit slit. A linear polarizer
intercepts the beam and polarizes the light at 45 degrees from the vertical direction and a
photoelastic modulator (PEM) polarized with a ac voltage generates R and L circularly
polarized light. The PEM operates by generating a periodic strain produced by a
piezoelectric transducer cemented to a fused quartz block or similar material ~ which
resonates longitudinally at a given modulation frequency. The periodically changing
index of refraction in the quartz introduces a phase shift on the transmitted light that
results in alternatively R and L circularly polarized light beams with a frequency equal
to the excitation frequency [16]. Almost all the instruments of the world utilize PEMs
modulated at 50 kHz. The transmitted light through the sample is collected by a fast
detector, usually a photomultiplier. If the sample has circular dichroism then the
periodically varying detector signal will have on top of a dc part an ac component at 50
kHz which amplitude will be proportional to the dichroism. [17] . The ac amplitude may
be measured with a lock-in amplifier operating at the modulation frequency or by digital
methods involving Fourier analysis.

A very important aspect of this measuring technique is the fact that as the dichroic signal
oscillates at a frequency much higher than those generated by mechanical vibrations,
electrical noise or other common sources of instabilities , the accuracy of the measured
dichroism can very high reaching 10  in the best conditions. This remarkable fact has
probably been the key for the success of this technique.

Perhaps the main limitation of the above experimental set up relies in the fact that as
light has to be transmitted through different optical elements (polarizer, PEM...), the
available wavelength range at the sample is determined by the combined optical
transmission of the optical elements. In most conventional instruments synthetic quartz is
the material of choice for the PEM . However, below 165 nm its transmission is very
poor. Due to this, for operating in the VUV , CaF; or sometimes the less stable LiF are
the best choices. Figure 1.8 shows the transmission of CaF2 for different wavelengths.

13
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The most advanced laboratory instruments reach 160 nm as the lowest wavelength
with acceptable intensity. The flux at the sample at 250 nm is typically in the 10 '* ph/s
range and decreases considerably below ~220 nm.

1.5 Synchrotron Radiation SRCD.

The first SR spectrometer operating above 100 nm designed for measuring ,among other,
CD spectra was built at NSLS in 1980 [18] and the first SRCD spectra in the range 132-
205 nm were collected at the Synchrotron Radiation Center of the University of
Wisconsin-Madison [19] . They showed better signal to noise spectra that conventional
laboratory equipments which allowed increased spectral resolution. The decade 1990-
2000 led to a major growth of the technique. At present there are about 14 operating
beamlines worldwide almost all installed in bending magnet sources as shown in the
following table from [20] collected in 2010. In the years 2007-2010 for example, more
than 4000 papers have included SRCD for the characterization of proteins.
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Table 1. Characteristics of SRCID Beamilines

SRCD
Beamline
D Ul1 U9% KN CDi12 [SAY chi1 BL15 4B8
Synchrotron NSLS NSLS SRS SRS ISA ISA HISOR BSRF
Location USA USA UK UK Denmark Denmark Japan China
current status operational  operational  closed closed operational  operational  operational  operational
added features LD SFIDF SF LD LD T],F
energy (Gev) 0-8 0-8 2:0 2.0 0-58 0-58 0-7 2.5
wavelength 120-300 160-1500 130-350 100700 130450 115350 140-310 120-350
range
max flux(@ J0E+12 900E+12 300E+10 250E+13 150E+11 1-00E+12 2.00E+4+10 8-00E+10
240 nm
(ph/3)
max flux(@ 250E+12  2.00E+12 400E+10 2-50E+13 1-50E+11 1-00E4+12 8-00E+10 200E4+11
180 nm
SRCD
Beamline
D 3m_NIM-C  04B1 BL-5B B23 DISCO CDhi1z2 U25
Synchrotron BESSY2 NSRRC TERAS Diamond Soleil ANKA NSRL AS
Location Germany Taiwan Japan UK France Germany  China Australia
current status  operatonal  operational operadonal commission  commission  develop develop planning
added features CF SE(p) D SFE(p) SFE(p)
energy (Gev) 1.9 1-5 0-3-0-8 3-0 2.75 2-5 0-8 340
wavelength 130300 130-330 70-250 120-300 120600 120-350
range
max flux(@ 200E+11 1-00E+11 1-50E+12
240 nm
(ph/s)
max flux@ 5-00E+10 1-00E+11 2-00E+12
180 nm

(Some minor corrections to the table are: B23 [21] and DISCO [22] are operational. The
lowest wavelength range of the beamline at TERAS is most likely 170 nm and not 70 nm
although it has not been possible to confirm it) .

As visible in the table the maximum flux at 240 nm ranges from 10'' to 10'* ph/s at the
sample including B23 [21] and DISCO [22] , and the available wavelength range is
typically 120-300 nm approximately.

All the beamlines in the table operate with the same basic optical scheme than in
commercial instruments i.e. all of them utilize PEMs to generate circular light from the
plane polarized radiation generated at the bending magnet source. In most cases, the
PEMs are made of CaF, crystals, and attenuators are sometimes needed to avoid
damaging the PEM if illuminated with intense beams [21,23]. In almost all cases there
are UV transmitting windows separating the sample area and the optics.
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A special and unique beamline that is not included in the above table and that allows CD
measurements  (and other spectroscopies) using an undulator source instead of a
bending magnet is DESIRS [24] at Soleil. We will discuss it in section 2.3.

Generally speaking, the available photon flux generated at synchrotrons is about 2-3
orders of magnitude higher than laboratory instruments allowing to extend the usable
wavelength range to short wavelengths even with low transmitting optical elements as
illustrated in Figure 1.9 from ref [25] .
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50000 4 Figure 1.9.
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2 10000 conventional CD and SRCD spectra of
£ ol i o several proteins. SRCD allows to probe the
t j green area in addition to the white area
300001 measured in conventional laboratory CD
-50 000 instruments .
165 185 205 225 245
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To illustrate the possibilities of synchrotron radiation CD spectroscopy, we reproduce
results of a pioneer work of D.T. Clarke et al. [26] done at the Daresbury Laboratory
Synchrotron Radiation Source. The authors investigated the kinetics of a— helix folding
with time resolved CD spectroscopy with an acquisition time of 2.5 ms per spectrum in
the range 190nm -242 nm
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2.- Motivation of Skiron. Branch A
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2.1 Deep molecular orbitals

An important example of application of electronic CD that has been extensively
investigated i1s the amide group within macromolecules . Figure 2.1 depicts its electronic
orbitals in the UV region.

Rydberg Figure 2.1.
0e Electronic structure of the amide
AT y W o L group showing the topmost
T, T nmT* 0 molecular orbitals and several
4193 nm ~222 nm —® n electronic transitions (see text).
e
160 nm i
4l
n M
¥ \/
c—o Ty
1'.":nl'.l ? *l E/ '
NN
140nm Vi3 Tl
P 4 pv
o Ty Y
n ? ilv r/:”':" n'

In a a-helix , for example, the CD shows a positive band at ~193 nm and a negative one
at 208 nm arising from the exciton splitting of the electronic transitions m,, to ©* as
depicted in the figure with a black arrow [27]. Also, a negative band at ~222 nm
originates from a non bonding oxygen orbital , n, to n* as indicated. The red arrows
correspond to 160 nm wavelength which is in many practical cases the shortest available.
As seen, the mp, and n’ transitions to the antibonding n* cannot be excited. In addition,
the series of Rydberg states schematically shown in the figure, which converges to the
ionization potential, are only partially reachable from the n orbital.

Although the available experimental data are scarce, several publications stress the
interest for searching high energetic molecular transitions. J. Jianj et al. [30] report
measurements and calculations down to 165 nm of protein backbone transitions
displaying relatively large signals at the lowest wavelength. K. Gekko et al. [31] using a
specially designed synchrotron radiation CD (SRCD) system, report non zero intensities
down to 140 nm and distinct signals at ~170 nm from L-Isomers of aminoacids which are
attributed to electronic transitions of the carboxyl groups. Clayton et al. [32] show
measurements from nicotine in the range 180-300 nm that exhibit the most intense CD
signals at the lowest measured wavelength. From the theory side, Serrano et al. [33]
investigate the electronic structure of peptides and show that in addition to the well-
known transitions at 220 and 190 nm, polypeptides have bands at 165 —170 nm which
later have been brought to experimental evidence. An earlier calculation by Clark [34]

reports absorption bands from carboxyl groups at 156 nm and from amide groups at 128
and 139 nm.
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As a matter of fact, deep molecular orbitals provide additional opportunities for

spectroscopy as it will be shown next.

Figure 2.2 (left) shows data from the gas phase photoemission beamline at Elettra [28].
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Figure 2.2.

structures.

Left panel : Gas phase photoemission from simple aminoacids with their molecular

Right : Calculated partial and total density of states of proline. [29]

The measurements were done at hv = 99 eV using a crucible to heat the aminoacids in
order to achieve significant vapor pressures in the 10" mbar range .

The shaded rectangle has a width of 7.5 eV (165 nm) and it has been located with the
right end side at 4 eV from the HOMO (Highest Occupied Molecular Orbital) orbital of
proline which is roughly the location of the LUMO (Lowest Unocuppied Molecular
Orbital). Only transitions with initial state in the shaded area, having the LUMO orbital
as final state, are accessible with A > 165 nm. As seen in the figure, the binding energies
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of the HOMO orbitals are around 9-10 eV and consequently it is not possible to excite
transitions from the occupied orbitals to the continuum with photons with A > 165 nm.
The right panel is a calculation of the partial and total density of states for the proline gas
phase molecule [ 29]. The shaded area shows again the possible transitions from filled
states to the LUMO for A > 165 nm. Only the transitions with the initial states labeled
18, 22 and 24 are energetically possible. The figure also shows the spatial distribution of
the electronic density for several states.

The above two examples illustrate that increased photon energies would allow to excite
additional electronic transitions that might be optically active and provide additional
spectroscopic information. That comprises transitions from deep molecular orbitals to
the LUMO or transitions from occupied orbitals to the continuum . In the first case the
transition is associated to absorption of photons whereas in the second one, in addition,
photoelectrons are generated as a consequence of the absorption .

Photoemission from deep molecular orbitals coupled to the variable photon energy from
synchrotron sources, opens the opportunity of investigating resonant photoemission
processes.

Figure 2.3 from ref. 96 depicts the concept and experimental results from Mn atoms in
the vapor phase.

- & e 3 Photo &, E = 50 eV
A <grpT M e Tper
/ /L"‘II : Figure 2.3
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Suppose a photon of energy equal to that required to excite a 3p electron to the 3d shell
as indicated with the orange arrow in the figure. The relaxation of the excited electron to
its initial state is a fast process that couples to the photoemission of a 3d electron to the
continuum indicated with the red arrow. Both processes (orange and red arrows) may be
considered simultaneous and coherent and result in an enhanced photoemission yield.
The orange shaded part of the experimental data indicates the resonant process. At the
resonant energy the intensity of the 3d photoelectron peak is about 7 times larger than
below the resonance.

Resonant photoemission in biomolecules might produce interesting results as illustrated
below.

Resonant photoemission 165 nm
—
kT T
Prolme! Figure 2.4
Methionine e
Glycine  hv=18 ‘/9‘\\/ h Examples of possible

resonant photoemission at
hv =18 eV in proline molecules.

Intensity (arb. units)
)

e
T

e e ZA AN A &

40 36 32 28 24 20 16 |12 &8 0
Binding energy (eV)

LUMO

The red arrows of the figure correspond to photons with the precise energy to excite
electrons from the molecular orbital of proline at 24 eV to the LUMO ( hv ~ 18 eV). As
it may be seen, several resonant process from the upper molecular orbitals to the
continuum are in principle possible and might result in increased photoemission yields
and perhaps in distinct optical activity.

The resonant photoemission process may involve different atoms of the same or different
chemical species. As shown in figure 2.3 the resonance may be viewed as a result of the
interaction of the two excitons generated by the absorption of two photons. In this sense ,
it reminds the excitonic model mentioned in 1.2 which produces an energy level
splitting where each level has a different sign of the rotary power. As a consequence ,
variation of the photon energy produces positive and negative CD as, for example, in
figurel.4 panel c. One may speculate if similar phenomena would occur in resonant
photoemission. Referring to the bottom panel of figure 2.3, it might occur that the
negative low energy side has CD of opposite sign than that of the positive high energy
side.
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Summarizing, we consider that the above arguments and examples provide a basis
to expect that interesting scientific results may emerge from exploring the optical
activity of deep molecular orbitals which is the main motivation of the branch A of
Skiron.

However, to explore optical transitions below 165 nm, it is required that the photons
reach the molecules of interest.

In the very important case of molecules in aqueous solution, one faces with a “hard wall”
given by the optical transmission of liquid water which is displayed in figure 2.5.

2.2 The opacity of water below ~180 nm

10° Figure 2.5
10° . : .
: Optical absorption of liquid water. The
el rectangular green area denotes the
§ wavelength range available from
< g0 existing laboratory instruments and
% 2 beamlines. At A= 160 nm the 1/e
S : attenuation length is ~10> um and at
R A =140 nm is ~0.05 pm . There is
10" a “hard wall” in transmission for A <
1072 150 nm approximately .
107
107 +——r————rrr
10 nm 100 nm 1 pm

The opacity of water in the far UV leads to two scenarios to access the CD of relevant
molecules: gas phase photoemission experiments or photoemission from solutions in
liquid jets.

2.3 Gas phase photoemission and CD

As already mentioned in 1.2, evidence for CD in gas phase molecules was demonstrated
in 2001 using the asymmetric photoemission effect. Since then, several groups have
further developed this research area particularly Nahon et al. [24] at DESIRS (Soleil)
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[and Turchini et al. at the CiPo beamline at Elettra [35 ] . An example from Elettra that
illustrates the possibilities of the technique is given below.

5
)
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Figure 2.6
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measurements from in methyl-oxirane.
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If instead of effusive gas sources generating a Maxwellian velocity distribution with
temperatures around 300 K , one uses supersonic jets of gas obtained from adiabatic
expansion of a high pressure gas through a nozzle/skimmer combination [37] , then the
experimental possibilities broaden considerably since as the gas temperatures are of
few tens of K, it may occur that the lowest energy conformer becomes the most abundant
since thermal excitation may not be enough to overcome the barriers with other higher
energy conformers.

Gas phase CD measurements of adenine, cytosine and alanine [38], [39] nicely illustrate
the possibilities of the asymmetric photoemission technique in fundamentally important
biomolec