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ABSTRACT

The combination of circular dichroism with laser mass spectrometry via the measurement of ion yields is a powerful tool in chiral recognition,
but the measured anisotropies are generally weak. The method presented in this contribution reduces the measurement error significantly.
A common path optical setup generates a pair of counter-rotating laser foci in the interaction region of a time-of-flight spectrometer.
As the space focus condition is fulfilled for both foci individually, this becomes a twin-peak ion source with well separated and suffi-
ciently resolved mass peaks. The individual control of polarization allows for in situ correction of experimental fluctuations measuring
circular dichroism. Our robust optical setup produces reliable and reproducible results and is applicable for dispersion sensitive femtosec-
ond laser pulses. In this contribution, we use 3-methyl-cyclopentanone as a prototype molecule to illustrate the evaluation procedure and

the measurement principle.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0036344

I. INTRODUCTION

Optical activity phenomena rely on the helicity-specific
response of a substance to circularly polarized (cpl) light.! In this
way, the enantiomers of chiral molecules can be distinguished via
light-matter interaction. One example is circular dichroism (CD),
which is defined as the difference in extinction of left and right cir-
cularly polarized (Icp and rcp, respectively) light. While absorption
CD is well established in the liquid phase,” emerging gas phase tech-
niques®* allow for collision and interaction free measurements and
yield signals from small amounts of sample. The direct transfer to
low pressure absorption CD measurements triggered the develop-
ment of cavity-enhanced polarimetry with a Fabry-Perot” or cavity
ring down® approach. Instead, the CD of an optically active elec-
tronic resonance can also be mapped to the ionization continuum by
resonance enhanced multi-photon ionization (REMPI).”* The com-
bination with time-of-flight laser mass spectrometry (LaMS) allows
for the detection of the CD of parent and fragment ions, and mea-
surements have been reported on a variety of chiral molecules.” !

A strong differential photoion circular dichroism has been reported
recently.’” The determination of the CD in the ion yield can
be used to discriminate between different conformers of a chiral
species,'! and the component resolved analysis of mixtures of differ-
ent molecules can be envisioned. The integrated ion yield I, (Irep)
after ionization with left (right) circularly polarized light reflects the
helicity dependent interaction of chiral molecules. The normalized
difference is called anisotropy g and has proved to be equal to the
normalized CD in extinction ¢ for a specific resonance,’

_p. Sl e (1)
Eiep + Erep Ilcp + Ircp
If more resonances are involved, each of them contributes to the
total anisotropy, which makes it a non-linear chiral effect like
other well-known phenomena.'” The accumulated effect is mirror
symmetric with respect to the exchange of enantiomers.
In contrast to the angular resolved photoelectron CD,!*'°
which is based on electric dipole interactions, ion CD in absorption
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is usually quite weak.'® The magnitude of CD in ion yield is deter-
mined by the interplay of magnetic and electric dipole transitions:
The largest effect is expected for (anti-) parallel dipole moments of
the same size.!” This makes the electric dipole forbidden carbonyl
7" < ntransition'®!” a prominent candidate for CD measurements.
In the case of 3-methyl-cyclopentanone (3-MCP), for example, the
conjunction of narrow bandwidth nanosecond laser pulses and cold
molecules resulted in anisotropies of more than 40% for distinct
vibrational resonances.”’ In general, photoelectron CD and CD in
ion yield strongly depend on the wavelength’' >’ and it is a priori
not clear which technique will lead to larger effects and thereby offer
better discrimination between the enantiomers.**

A complementary approach to narrow band nanosecond exci-
tation is the use of broadband femtosecond laser pulses.”” The
shorter pulse duration allows us to probe molecular dynamics, and
cumulative series of resonances may be addressed. To enhance the
sensitivity of LaMS-CD, the use of achiral reference substances
and a self-referencing twin-peak approach have proved useful.” In
this contribution, we present a common path twin-peak setup that
accounts for the crucial point of dispersion management in the
context of femtosecond laser pulses.

Il. SET-UP AND DATA ANALYSIS

The setup is depicted in Fig. 1(a). A titanium-sapphire ampli-
fier (Femtopower HE 3 kHz) generates 25 fs short laser pulses at a
central wavelength of 785 nm and a pulse energy of 1.6 mJ. Around
400 uJ are used to pump a tunable optical parametric amplifier sys-
tem (TOPAS by Light Conversion), which can be tuned from UV
to near infrared including harmonic generation. The output of this
light source is focused (f = 50 cm) into a linear two-stage time-of-
flight spectrometer, perpendicular to an effusive molecular beam.
An alkali dispenser provides additional potassium vapor as the achi-
ral reference. In this contribution, experiments are performed at 309
nm and 322 nm with bandwidth limited pulses with a full width at
half maximum duration of less than 40 fs. A pulse energy of 0.7 uJ
is focused down to a spot size with a 1/¢* diameter of 90 um, which
results in an intensity of 5 x 10"" W/cm?.

The ions generated in the interaction region are accelerated
toward a multi-channel-plate detector (APTOF40 by Photonis)
and the signal is recorded without further amplification using a
Waverunner 640Zi (Teledyne LeCroy) oscilloscope. Typically, 1280
consecutive laser shots are averaged to obtain time-of-flight spectra
with a good signal-to-noise ratio and to perform chiral analysis as
follows:

The goal of the presented twin-peak method is a self-
referencing measurement of circular dichroism in a robust
and reproducible manner. Therefore, the space focus of a
Wiley-McLaren electrode configuration® that enhances the mass
resolution for an extended interaction region is deliberately detuned
to map ions created at two separate points of ionization with a spe-
cific time delay onto the detector.”” The time delay results in the
appearance of two peaks for each mass/charge ratio in the time-of-
flight spectrum, hence the designation twin-peak. The common path
optical setup creates the required close-lying focal points. In detail,
a half-wave plate first rotates the plane of polarization of the incom-
ing laser beam to 45°. Consequently, the Wollaston prism (opening
angle a = 10', Bernhard Halle) splits up the incoming beam into two
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FIG. 1. Setup: (a) the near-infrared pulses are converted to UV light pulses using
the optical parametric amplifier. The prisms (P1 and P2) are used for dispersion
management. The common path optical setup generates two beams of opposite
helicity: A half-wave plate (HWP) rotates the polarization such that the Wollaston
prism (WP) splits up the beam into two divergent beams of perpendicular polariza-
tion. These are converted to cpl light with a quarter-wave plate (QWP) and both
are focused by a lens into the interaction region of the home-built time-of-flight
spectrometer. (b) Image of the twin-peak foci taken with a beam profiling camera
and the corresponding characterization of polarization for Icp (red curve) and rcp
(green curve) light determined individually for both beams. The ion signals of a chi-
ral molecule with enantiomeric excess resulting from the two positions are shown
schematically (pink and light green). Rotating the QWP position from 45° to 135°
exchanges the helicity between the upper and lower focus.

divergent beams of perpendicular polarization. Passing a lens, we
obtain beam profiles in the focal area like those depicted in Fig. 1(b).
Circular polarization with opposite helicity for both beams is gener-
ated with an achromatic quarter-wave plate and ensured by polar-
ization scans in the overlap as well as for the individual beams. The
latter are shown next to the beam profile measurements. Stokes S3 is
well above 98% in all measurements presented in this contribution.
The same optical path for both beams allows for simultaneous opti-
cal dispersion management for both foci. Specifically, we maximize
the non-linear ionization signal of xenon by adjusting the prisms P1
and P2 [cf. Fig. 1(a)], thereby ensuring short pulses for both foci in
the interaction region.

The anisotropy g can now be calculated within each recorded
time-of-flight spectrum according to Eq. (1). The signals from the
separate foci that result from ionization by left and right circularly
polarized light are analyzed. Due to this simultaneous acquisition of
the integrated ion yields I Ip and I ¢, slow or sudden fluctuation of
the laser or pressure does not distort the measurement. To correct
for systematic deviations of both foci, their helicity is inverted by
rotating the quarter-wave plate between 45° and 135°, as depicted in
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Fig. 1(b) in pink and green—the average of the anisotropies of both
wave-plate positions is called twin-peak anisotropy. As an additional
correction, the achiral reference potassium is evaluated accordingly.
Any anisotropy measured for this achiral substance must be due to
systematic errors and can be directly subtracted from the anisotropy
calculated for the chiral sample.

lll. RESULTS

The monocyclic ketone 3-MCP [CH3CsH7=0, both enan-
tiomers are visualized in Fig. 2(b)] is known to show a large CD
in absorption measurements. In addition, its high vapor pressure
makes it suitable for gas phase experiments. Besides, its appli-
cability in various measurements of CD in ion yield has been
reported.®?"?%2 Here, we drive the 7* < n transition with one pho-
ton in the near UV. Within this resonance, the absorption and the
circular dichroism spectrum show three characteristic maxima.*’
The ionization is driven as a 1 + 1 + 1 resonance enhanced multi-
photon ionization process via a Rydberg state as the second interme-
diate?® [cf. Fig. 2(a)]. According to the maxima in anisotropy derived
by a wavelength scan with femtosecond laser pulses, we present data
for 309 nm and 322 nm. The third resonance at roughly 300 nm is
not covered by our current measurement.

Figure 3(a) displays the twin-peak mass spectra for 309 nm
(black) and 322 nm (blue). In each case, the left peaks correspond to
the lower focus and the right peaks correspond to the upper one. The
mass calibration is done independently for both laser foci. Note that
the fragmentation pattern is strongly wavelength dependent—for
shorter wavelengths, the predominance of the parent ion decreases
especially in favor of the m = 69 u fragment. The ratio of potassium
and 3-MCP signal strength is adjusted for each setting individually
to obtain similar ion signals. The difference in peak height for potas-
sium resembles a measurement offset and shows the importance of
achiral correction.

The twin peaks are well separated and sufficiently resolved. The
mass spectrum of the lower focus is shifted to shorter flight times.
For the parent ion (m = 98 u), this mass dependent shift corresponds
to a mass difference of 1.2 u compared to a full width at half maxi-
mum of Am = 0.3 u for the individual peaks. To avoid overlapping
of peaks of close lying fragments or mixtures of substances and to
adapt the procedure for heavier or lighter molecules, we can change
the separation in ion-flight time by modifying the focal separation.
The distance of the two foci (here ~1.5mm) is in first approxima-
tion determined only by the focal distance and the opening angle
of the Wollaston prism. Robustness and reproducibility of the focus
conditions can be ensured likewise.
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FIG. 2. (a) Schematic representation of the 1+1+1 resonance enhanced multi-
photon ionization of 3-MCP. The excitation paths for both 309 nm and 322 nm
include the same electronic resonances but different vibrational levels (not
depicted). (b) Visualization of both enantiomers in ball-and-stick representation.
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FIG. 3. (a) Twin-peak spectrum of (S)-3-MCP and potassium at 322 nm (blue line,
lifted by an offset of 1 arb.u.) and 309 nm taken with circularly polarized light (aver-
age of Icp and rcp ionization). The inset shows the corresponding laser spectra with
a full width at half maximum bandwidth of AA3p9 = 3.6 nm and A3, = 4.0 nm. The
bottom axis corresponds to the lower focus (left one of the twin peaks), and the
top axis corresponds to the upper focus. (b) Statistical distribution of 500 consec-
utive measurements of twin-peak anisotropy for (S)-3-MCP with bandwidth limited
pulses at 309 nm (green histogram). In addition, the lower and upper foci have
been evaluated single-peak wise to highlight the impact of the self-referencing
principle (blue and orange histogram). The histograms display three bars per 1%
anisotropy.

For chiral discrimination, the potassium corrected twin-peak
anisotropy is determined, as described in Sec. II. The green his-
togram in Fig. 3(b) displays the statistical distribution of 500 of
these measurements of (S)-3-MCP. The mean of this distribution is
(—4.4 + 0.3)% where the error is defined as the statistical 3¢ inter-
val of the mean (see the supplementary material). To emphasize
the added value of the twin-peak principle, the ion signal of both
foci is evaluated individually, which is equivalent to single focus
measurements. Here, the absolute error is 0.7% in both cases. The
significantly reduced statistical noise for the twin-peak evaluation
[cf. width of orange/blue vs green distribution in Fig. 3(b)] can be
attributed to the correction of laser fluctuations (position/intensity)
or changes in the gas pressure. In addition, the twin-peak procedure
corrects for systematic offsets occurring in the single-peak measure-
ment. The latter occur mainly due to changes in the beam charac-
teristics while changing the position of the quarter-wave plate. A
detailed discussion of the statistical behavior and error correction is
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TABLE 1. Twin-peak anisotropies for bandwidth limited pulses at 309 nm and 322 nm.
The results are corrected with potassium as an achiral reference substance.

A(nm) (R)-3-MCP (%) (rac)-3-MCP (%)  (S)-3-MCP (%)
309 (4.1 +0.6) (-0.2 + 0.6) (-4.4 +0.3)
322 (1.1 +0.6) (0.2 +£0.5) (1.0 = 0.6)

given in the supplementary material. Especially, in the case of much
lower anisotropy factors, the significantly reduced error becomes
important and might facilitate assignments between theoretical and
experimental data.’!

Table I displays the results for both enantiomers and the
racemic mixture, measured at the two resonances using band-
width limited pulses. Exchanging the enantiomer mirrors the chiral
response and the CD of the racemate is centered around zero (see
also the supplementary material). Like PECD experiments, for enan-
tiomeric excess (ee) determination®* it is, in principle, possible to
measure ee via the CD in ion yield. It will, however, require the
recording of calibration points to provide absolute values. Concise
and accurate ee studies to this end are yet to be performed. In the
case of our femtosecond measurements, the anisotropy at 309 nm is
four times stronger than that at 322 nm. This ratio is contradictory to
the CD in absorption for the 7* « n transition. A lower anisotropy
means either less pronounced CD or stronger absorption. In com-
parison to the single photon absorption CD, also the second reso-
nance [cf. Fig. 2(a)] contributes to the final value. It is well-known
that the first resonance (7* < n) is modulated with wavelength in
absorption as well as in CD,” and the same can be expected for the
Rydberg intermediate.'® The influence onto broadband excitation
with femtosecond laser pulses is not obvious, but other measure-
ments with femtosecond laser pulses confirm the observed trends:
The lower resonance shows an anisotropy of 6.5% at 308.3 nm and
6.0% at 311 nm, and the upper one shows an anisotropy of 2.0%
(321.7 nm), 1.8% (322.9 nm), and 2.6% (325 nm).”” LaMS-CD mea-
surements with nanosecond laser pulses result in a maximum of
anisotropy of 27% at 324 nm.”” The higher peak intensity of the fem-
tosecond laser pulses (in comparison to nanosecond laser pulses)
might play a role. This is closely related to the decrease in g for
shorter laser pulse duration.*”

Moreover, the wavelength dependence of this effect and the
different transition moments for the vibrational levels can result
in an (as of yet) unintentional accumulation of anisotropies. Espe-
cially, in the superposition of more than one electronic resonance in
multi-photon excitation, the interpretation becomes challenging.*®
This causes the difficulty to predict the maximal anisotropy to be
measured with femtosecond laser pulses of a certain bandwidth.
On the other hand, this behavior promises great opportunities for
controlled accumulation of resonances. Pulse shaping has the poten-
tial to enhance this type of chiral recognition and eventually enable
coherent control””** (and references therein) of chiroptical signals
with respect to enhanced enantioselectivity also in mixtures.

IV. SUMMARY

In this contribution, we present a common path optical setup to
perform self-referencing CD measurements in ion yield with fem-
tosecond laser pulses. In this way, we can correct for experimental
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fluctuations and bias in situ. The chiral molecule 3-MCP serves as
a prototype to present the data evaluation procedure and the func-
tionality of the method. It proves to be robust and reliable. The com-
mon path setup allows for optical dispersion management, which is
crucial in femtosecond spectroscopy. The resulting ability to com-
bine pulse shaping with CD measurements may open up a path to
coherent control of chiral systems.

SUPPLEMENTARY MATERIAL

See the supplementary material for the description of the eval-
uation procedure to determine the twin-peak anisotropy g in detail
on the example of racemic 3-MCP and discussion on the statistical
behavior and error correction.
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Supplementary information: Self-referencing circular dichroism ion yield

measurements for improved statistics using femtosecond laser pulses
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This supplementary information contains the calculation of g for racemic 3-MCP. We describe the procedure for the
single-peak as well as the self-referencing twin-peak measurements and include the achiral correction. It is supposed
to clarify the procedure and establish confidence in the statistics after achiral correction and self-referencing.

As shown in figure S1 two spectra for the two different
quarter-wave-plate settings are evaluated. They contain the
twin-peak signal of the chiral sample and of an achiral refer-
ence. Each spectrum represents the average of the signal from
1280 consecutive laser pulses. All anisotropies g are calcu-
lated from the integrated ion yields I;., and I,., according to
equation S1:

Licp — Ie
gZQ.M' (S1)
Ilc‘p+lrcp

The single peak evaluation takes only the upper or only the
lower focus into account. The change in helicity is realized
via rotation of the quarter-wave-plate:
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Per definition the anisotropy of the achiral reference substance
is zero. Any deviation is due to experimental imperfections.
Consequently, we subtract g, from the anisotropy of the
sample g;.m to correct for systematic deviations:
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FIG. S1. Schematic outline of a mass spectrum for CD evaluation.
Depicted are two spectra, the top one corresponds to a quarter-wave-
plate angle of 45° and the bottom one to an angle of 135°. Each of
them contains four mass peaks, the twin-peak of the achiral reference
and the twin-peak of the chiral sample. The left peaks of each twin-
pair stem from ionization in the lower focus and the right one from
ionization in the upper focus. The helicity of the laser polarization is
shown on top of the individual peaks.

In case of the twin-peak measurement all anisotropies can be
calculated from one spectrum with a fixed quarter-wave-plate
position:
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Of course, this allows for achiral correction in the same way:

45 45 45 135 135 _ 135
8cor = 8sam ~ 8ref and 8.5 = Zyam — 8ref - (85)
The average of both values delivers the reference corrected
twin-peak anisotropy
45 135
in __ 8cor T &
glclgiﬂ — cor 2 cor . (S6)
Typically we perform 500 measurement cycles to get a robust
statistic. The final anisotropy is the arithmetic mean
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and the statistical error 8¢ is derived as three times the stan-
dard deviation of the mean &
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The anisotropy should be zero within the scope of the mea-
surement error for racemic 3-MCP. This is not the case for the
uncorrected single-peak evaluation:

g7 =(13€17)% and g =(62+17)%. (S9)

After correction with the achiral reference potassium the ab-
solute values are smaller but still not zero:

g0 =(=23+1.1)% and g% =(1.94+1.1)%. (S10)
The twin-peak anisotropy finally yields the desired result:
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(S11)

The increase in reliability of this measurement and evaluation
procedure is visualized in figure S11.



FIG. S11.

62*17% 71317 %
20 20
15 A 15 A
10 ~ 10 A
5 A 5 A
0 - 0 T T
—-40 =20 0 20 40 —-40 =20 0 20 40
glow (%) gUP (%)
(b) 19+1.1% 23+x11%
20 20
15 o 15 A
10 ~ 10 A
5 A 5 A
0 - 0 f T
—-40 =20 0 20 40 -40 =20 0 20 40
gl (%) . (%)
(c)
-0.2 0.6 %
20
15 A
10 A
5 -
0 — T
-40 =20 0 20 40
ol (%)

Statistic distribution of the anisotropy of 3-MCP at

309nm. Individual measurements according to figure 3(b) in the
main manuscript: (a) single focus evaluation, (b) single focus eval-

uation with potassium correction, (c) reference corrected twin peak
evaluation.



