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The measurement of chirality and its temporal evolution are crucial for the understanding of a large range of biological
functions and chemical reactions. Steady-state circular dichroism (CD) is a standard analytical tool for measuring chirality
in chemistry and biology. Nevertheless, its push into the ultrafast time domain and in the deep-ultraviolet has remained a
challenge, with only some isolated reports of subnanosecond CD. Here, we present a broadband time-resolved CD
spectrometer in the deep ultraviolet (UV) spectral range with femtosecond time resolution. The setup employs a photo-
elastic modulator to achieve shot-to-shot polarization switching of a 20 kHz pulse train of broadband femtosecond
deep-UV pulses (250-370 nm). The resulting sequence of alternating left- and right-circularly polarized probe pulses
is employed in a pump-probe scheme with shot-to-shot dispersive detection and thus allows for the acquisition of broad-
band CD spectra of ground- and excited-state species. Through polarization scrambling of the probe pulses prior to
detection, artifact-free static and transient CD spectra of enantiopure [Ru(bpy);]** are successfully recorded with a
sensitivity of <2 x 10 OD (~0.7 mdeg). Due to its broadband deep-UV detection with unprecedented sensitivity,
the measurement of ultrafast chirality changes in biological systems with amino-acid residues and peptides and of

DNA oligomers is now feasible.
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1. INTRODUCTION

Circular dichroism (CD) denotes the difference in absorption of
left- and right-handed circularly polarized light in chiral molecular
systems. In the deep-UV range (<300 nm), it is sensitive to the
coupling and thus the spatial arrangement of electronic transition
dipoles of amino acids and nucleotides. For this reason, static CD
spectroscopy has become an established tool in analytical bio-
chemistry and chemistry, where it is typically used to determine
the secondary structure of proteins and DNA systems in the con-
densed phase [1]. Consequently, time-resolved CD spectroscopy
(TRCD) is a promising experimental technique that is sensitive to
changes in biomolecular configuration as a function of time, com-
bining the time-dependent electronic information provided by
traditional transient absorption (TA) spectroscopy with the struc-
tural information encoded in the chirality of molecular systems.
CD spectroscopy does not provide the atomic resolution possible
with other structurally sensitive spectroscopic techniques such as
x-ray absorption and crystallography and nuclear magnetic reso-
nance (NMR) spectroscopy, yet typically displays superior data
acquisition (DAQ) speeds combined with tabletop instrumenta-
tion. Furthermore, its comparatively low sample concentration
requirements and straightforward application to condensed phase
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systems with few restrictions on the solvent choice are ideally suited
for the study of biological systems under physiological conditions.
Most importanty, however, CD spectroscopy is a technique with
structural sensitivity in the optical spectral range. With the use of
pulsed ultrafast laser technology in a pump-probe scheme, it is
now possible to measure transient chirality changes on time scales
spanning from the nano- [2] to the femtosecond regime [3]. CD
spectroscopy therefore offers a direct, nonempirical route to follow
structural changes of molecular systems on the shortest time
scales currently explored in molecular dynamics research.

Despite its many advantages, three technical challenges have
slowed progress for the experimental implementation of TRCD.
First, transient CD signals are typically at least an order of magnitude
lower than typical static CD signals. TRCD measurements thus
require a sensitivity on the order of 1 mdeg in the commonly em-
ployed units of ellipticity, which corresponds to an absorptivity of
~3 x 10~ OD. Such sensitivities have only recently been achieved
in the visible (>400 nm) spectral regime [4,5]. Second, broadband
detection is extremely difficult due to the polarization sensitivity of
dispersive and reflective optics, which easily distorts static CD spectra
[6,7]. This has limited commercial static CD spectropolarimeters
and many TRCD setups to narrowband detection schemes [3,5,8],
thus requiring probe wavelength scanning with increased DAQ
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times. Notable exceptions now exist in the visible spectral range
[4,9,10]. Third, most biologically relevant chromophores are
located in the deep UV, which thus requires both a broadband,
intense laser pulse source and a suitably broadband polarization
modulation scheme covering this spectral regime. Yet despite the
existence of sufficiently broadband sources [11] and recent develop-
ments in laser pulse polarization management [12,13], no broadband
TRCD setup in the deep UV has been reported thus far.

We now address all of the above challenges by combining
a femtosecond broadband deep-UV source at a high repetition
rate with broadband shot-to-shot polarization state switching
via a photoelastic modulator (PEM). In addition, our setup min-
imizes polarization artifacts through polarization scrambling prior
to broadband dispersive detection.

2. EXPERIMENTAL SETUP

The laser setup for generating the deep-UV probe pulses has
been described in detail elsewhere [14,15]. Briefly, a customized
cryogenic Ti:Sapphire amplifier, with an exceptional shot-to-shot
stability of 0.1% root mean square, pumps a commercial noncol-
linear optical parametric amplifier ac 20 kHz. The broadband
visible femtosecond pulses are achromatically doubled in a thin beta
barium borate (BBO) crystal [11] covering the 250-370 nm range.
The polarization state of these probe pulses is switched on a shot-
to-shot basis via a PEM. This resonant optical retardation device
(I/FS50, Hinds Instruments) modulates the polarization of the
transmitted light at 50 kHz via the periodic stress-induced birefrin-
gence in a 6 mm thick fused silica block. The modulation ampli-
tude thus determines the maximum retardation that is achieved
with opposite handedness at the maximum and minimum of
the modulation cycle. Through a quasi-synchronization of the am-
plifier with the PEM [16], the probe pulses are spaced by 2.5
modulation periods, such that the appropriate amplifier delay
and modulation amplitude generate a probe pulse train with cir-
cular polarization states of alternating handedness. While the probe
pulse ellipticity is wavelength-dependent and thus circular only on
average, this scheme ensures a high degree of symmetry of the left-
and right-handed pulses over their entire spectral range. In this case,
the CD measured at a probe wavelength 4 is approximately propor-
tional to 2 sin(f)cos(), where 6 denotes the PEM’s retardation
at this wavelength [17]. For very large probe bandwidths, the
wavelength-dependent retardation should thus be measured sepa-
rately [17] and employed as a calibration factor in the measured
CD. However, for a fused silica PEM set to 6 = n/4 at
A =300 nm, the correction is expected to be <5% in the
250-370 nm region covered here. Indeed, we could well reproduce
static CD spectra in this wavelength range without any scaling,
as shown in the results section of this paper. It should also be
noted that compared to other retardation devices, especially
Pockels cells, the PEM has a very large acceptance angle, which
thus offers broadband polarization switching at a high repetition
rate without the need for complex alignment procedures [18].
Figure 1 displays the optical scheme of the TRCD setup.
Before polarization modulation, the deep-UV probe beam is split
viaa 1 mm thick reflective neutral density filter (BS in Fig. 1) with
an optical density of 0.3 OD. The reflected beam is used for
multichannel referencing and is detected on a separate chip in
the same spectrometer as the probe beam. The transmitted probe
is focused with a 20 cm focal length off-axis parabolic mirror
(labeled OAP and represented by a lens in Fig. 1) through a
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Fig. 1. Schematic drawing of the time-resolved CD setup, where
the probe polarization is switched by a PEM. The inset displays the
sequence of six consecutive probe pulses necessary to obtain a transient
CD spectrum.

Glan-Laser polarizer. With a measured focal spot size of
83 um (1/¢%), the PEM is placed within the Rayleigh range
of the probe focus and positioned at 45° with respect to the in-
cident vertical probe polarization. Focusing through the PEM has
two advantages. First, it minimizes its modulation-dependent
lensing effect [19]. Second, it is well known that the PEM has
a residual static birefringence that is inhomogeneously distributed
over the vibrating fused silica (FS) block [20]. As a result, the
effective birefringence of the PEM may be reduced to a suffi-
ciently small level by focusing the probe beam through a spot on
the FS crystal with minimal residual birefringence. Finally, the
thickness modulation of the PEM crystal acts as a source for air
density fluctuations (acoustic wave), which are synchronized with
the polarization modulation. The resulting differences in beam
pointing are large enough to spectrally distort the baseline of the
static CD measurement to values between 0.5 and 1.0 mOD, which
is on the order of moderate CD signals. Due to the dynamic nature
of the acoustic wave, these distortions cannot be subtracted reliably
as a background. Nevertheless, this effect can be minimized by
tightly enclosing the PEM in a box with pinholes for the transmitted
probe beam that are only slightly larger than the beam diameter.
After the PEM, the diverging probe beam is refocused with a
15 cm focal length FS lens through a 200 pm thick wire-guided
liquid jet (design adapted from [21]) with a focal spot size of
about 80 pm full width at half-maximum (FWHM). The jet
has a closed-loop sample flow system and employs a syringe pump
to compensate for solvent evaporation. Compared to sample cells,
the jet is free of birefringence and can support much higher pump
intensities, which is advantageous for increasing TRCD signals.
The transmitted probe light is coupled into a 400 pm diameter
multimode fiber with an FS lens. Dispersive shot-to-shot
detection is achieved via a fiber-coupled imaging spectrograph,
equipped with a double-array complementary metal-oxide-semi-
conductor (CMOS) detector. The second chip is used to record
the reference spectrum for correcting the spectral intensity fluc-
tuations of the probe. Crucially, the long multimode fiber effi-
ciently scrambles the probe polarization before its dispersive
detection. The fiber thus removes the polarizing effect of the spec-
trometer optics and minimizes the setup’s sensitivity to the bire-
fringence of the employed transmissive optics. This allows for the
acquisition of artifact-free, spectrally resolved CD spectra.
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The sample is photoexcited with a femtosecond pump pulse
that is focused to a spot size of about 200 pm and crosses the
probe beam at an angle of about 10°. The pump is derived from
the harmonically doubled (400 nm) or tripled (266 nm) output of
the Ti:Sapphire amplifier, and its linear polarization is cleaned
with a Glan-Laser polarizer. A zero-order half-wave plate (1/2)
is then used to rotate its polarization. Two optical choppers re-
duce the pump’s repetition rate to a third of that of the probe
(6.67 kHz), such that the time between consecutive pump shots
is constant. The inset of Fig. 1 displays the resulting sequence of
six consecutive probe pulses that are required to obtain a transient
CD spectrum. The difference of the left- (LCP) and right-handed
circularly polarized (RCP) probe pulses that interact with a
pumped sample volume after a variable pump-probe delay results
in a CD spectrum of a photoexcited sample (pumped CD). The
respective probe shots that follow are discarded (crossed in the
figure), and the static CD is obtained as the difference of the re-
maining LCP and RCP probe shots interacting with a ground-
state sample volume. A TRCD spectrum is then obtained by
subtracting the static from the pumped CD. While reducing
the duty cycle of the measurement, the symmetry of this six-pulse
sequence is necessary to obtain artifact-free transient CD spectra. An
alternative scheme where two consecutive probe pulse are pumped,
for example, did not lead to satisfactory results. Possible reasons
for this may be incomplete sample exchange, residual chopping
errors, or electronic memory in the detection system.

In order to determine the instrument response function (IRF)
of this setup, one may also view the pulse sequence as two
consecutive TA measurements with circularly polarized probe
pulses of opposite handedness. The IRF was thus obtained for
both probe polarization states via the two-photon absorption sig-
nal in ethanol with a 266 nm pump pulse. Gaussian fits to the
resulting time traces at each detector pixel gave an average
FWHM of 500 fs across the probe spectrum. For each probe
polarization state, the obtained fit parameters, such as temporal
width and pump-probe overlap, agreed within their respective er-
ror ranges. The relatively long IRF is caused by the dispersion of
the polarizer and the PEM in the probe beam path, which add up
to a total thickness of about 1.6 cm. This also causes a large group
velocity dispersion (GVD) of the probe pulse, which is about 8 ps.
While an improved pulse compression is possible in the future
[11], the GVD is simply corrected in the data analysis at present,
as is customary in TA experiments and limited in time resolution
only by the measured IRF.

The pump induces an anisotropic distribution of excited
molecules in the laboratory frame with a lifetime limited by rota-
tional diffusion. This transient birefringence effect is expected to
lead to strong TRCD artifacts, as suggested by CD measurements
of oriented samples [22]. With linear probe polarization in a TA
experiment, the polarization angle with a linear pump can be set
to eliminate this effect in the recorded spectral kinetics. This so-
called magic angle condition is more complex for TRCD as the
circular probe polarization breaks the cylindrical symmetry of a
linear probe [23] and should take quadrupolar light-molecule
interactions into account [24,25]. Furthermore, any residual bi-
refringence in the setup, combined with any remaining polariza-
tion sensitivity of the dispersive spectrometer after the scrambling
of the probe polarization, will translate the linear dichroism of
the pump-induced sample anisotropy into an artificial TRCD
signal [7,26]. In this context, nanosecond TRCD experiments
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Fig. 2. Static CD spectra of both enantiomers of [Ru(bpy);]** and

the corresponding racemic sample in 1.0 mM aqueous solution and

their comparison with CD spectra obtained with a commercial CD

spectrometer.

combined with theoretical modeling have shown that one can ex-
pect this effect to be suppressed when the pump polarization is
parallel or perpendicular to the effective polarization axis of the
spectrometer [7]. However, in the present setup, it is difficult to
precisely determine the effective polarization axis of the dispersive
spectrometer and the residual ellipticity of the probe light that
enters it. The magic angle condition is therefore determined ex-
perimentally in situ, prior to an experiment. For this, the TRCD
signal of a suitable achiral or racemic sample is measured as a func-
tion of the pump polarization angle. In this setup, pump-induced
artifacts are consistently minimized between 5° and 15° near par-
allel and perpendicular pump polarization with respect to the
input probe polarization prior to its modulation.

In order to evaluate the performance of the spectrometer, a first
batch of enantiomerically pure samples of [Ru(bpy);]*™ with Cl
counter ions were synthesized, following the procedure described
in Refs. [27,28]. A second batch of the ruthenium tris(bipyridil)
complex of target was obtained in single enantiomeric form using
a chiral anion-mediated approach [29,30]. Lipophilic hexacoor-
dinated phosphorus(V) TRISPHAT anions, abbreviated TT
[31,32], were added to racemic solutions of [Ru(bpy);](PF),,
and the resulting diastereomeric complexes were separated by chro-
matography over silica gel (CH,Cl, as eluent) [33—35]. Then, in a
new development, isolated salts [A - Ru(bpy)s][A - TT], and
[A - Ru(bpy);][A - TT], were transformed into enantiomeric
[A ~ Ru(bpy),](PF), and [A - Ru(bpy),J(PFe), (ce >96%)
by first extractions in aqueous layers with [nHex4N] [Br] as phase
transfer agent and precipitations of the hexafluorophosphate salts
with saturated solutions of KPF4. Except for different solubilities
in water, both sample batches displayed identical static absorption
and CD spectra and were thus used interchangeably. Racemic
samples were directly prepared from commercially available
racemic [Ru(bpy);]*" salt. The A- and A-enantiomers display
strong CD bands in the region between 260 and 310 nm, which
originate from the excitonic coupling of the long-axis transition
dipole moments on the three bipyridine ligands [36].

3. RESULTS

Figure 2 displays the static CD spectra of both enantiomers
and the racemic sample in a 1.0 mM aqueous solution acquired
with the TRCD setup. For comparison, the CD spectra of the
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Fig. 3. (a) Time-resolved CD spectra of both enantiomers of
[Ru(bpy);]** and the corresponding racemic sample in 0.4 mM aqueous
solution, photoexcited with a 400 nm pulse at 50 ps pump-probe delay.
The shaded area denotes one standard deviation. (b) TRCD of the

racemic sample with the corresponding TA spectrum.

enantiomers recorded with a commercial CD spectrometer (Jasco
J-1100) are displayed as well. The CD spectrum of the racemic
sample demonstrates a baseline uncertainty of about 0.2 mOD for
its static CD acquisition. Within this range, an excellent qualita-
tive agreement is achieved between our new laser-based setup and
the commercial instrument. Quantitatively, minor discrepancies
can be observed in the region <265 nm in the case of the
A- and around 275 nm and in the region 300 to 315 nm for
the A-enantiomer. Just like the small distortions of the baseline
(racemic mix), these must be attributed to slight asymmetries of
the circular polarization states caused by the birefringence of the
lenses and the PEM [17] and indicate the limit of the polarization
scrambling prior to detection. Generally, regions of maximum dis-
tortion are sensitive to the spot where the probe beam passes the
PEM and can be shifted through the alignment of the instrument.

For the TRCD spectra, the samples are pumped by 400 nm
pulses with an estimated peak fluence of 2 mJ cm2. The associ-
ated metal-to-ligand charge transfer (MLCT) transition in
[Ru(bpy);]** results in an ultrafast charge localization on one of
the ligands, which thus reduces the excitonic coupling of the
ligand-centered transition dipoles [37-39]. As in TA measure-
ments, the resulting CD bleach has a negative sign, such that
the TRCD spectrum has inverted signs with respect to the static
CD spectrum. The corresponding TRCD signal for each enan-
tiomer is displayed in part (a) of Fig. 3 at a fixed pump-probe
delay of 50 ps. The spectra of the enantiomers were scaled by
their corresponding static CD amplitudes to account for
differences in sample concentration and jet thickness. The spectra
display an excellent symmetry, with the respective shaded areas
indicating the measurement precision as one standard deviation
(16). In addition, part (b) of Fig. 3 displays the TRCD signal

of the racemic mix together with the TA signal of the same
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Fig. 4. Time-wavelength TRCD map of A - [Ru(bpy);]** in 0.4 mM

aqueous solution, photoexcited with a 400 nm pulse.

measurement. The TRCD signal indicates a baseline uncertainty
and thus sensitivity <0.02 mOD, which demonstrates that
pump-induced polarization artifacts are successfully minimized
in this setup. This is especially noteworthy, given that such arti-
facts scale with the measured TA amplitude, which is more than
3 orders of magnitude larger than the obtained baseline uncer-
tainty. The displayed noise level with 16 < 1 x 1074 OD was
achieved by averaging over a total of 1.5 x 107 laser shots, which
corresponds to approximately 15 min of DAQ time. Its spectral
dependence is mostly due to a variation of spectral intensity
across the probe spectrum. It is worth noting that the resulting
sensitivity represents a significant improvement compared to
previously reported broadband femtosecond TRCD setups in
the visible spectral regime [4], especially considering the added
noise from the generation of the deep-UV probe continuum
via achromatic frequency doubling.

Figure 4 then displays a time-wavelength TRCD map of
A - [Ru(bpy);]** in 0.4 mM aqueous solution under the same
pumping conditions as in Fig. 3. The data are corrected for GVD
of the probe pulse, and each time step corresponds to an average
of about 1 x 107 laser shots. The TRCD signal rises instantane-
ously within the time resolution of the setup and remains
constant within the sampled time window. Both observations
are consistent with the reported ultrafast charge localization
dynamics and lifetime of the associated MLCT state of such
complexes [38,39].

4. CONCLUSION

We report the first time-resolved femtosecond CD setup that
combines shot-to-shot broadband detection in the deep-UV
regime with artifact-free acquisition of static and transient CD
spectra with a sensitivity <2 x 10~ OD. This represents a signifi-
cant advance in the field of time-resolved chiral spectroscopy that
promises important new insights into the structural dynamics
of biologically relevant UV chromophores such as amino-acid
residues in proteins and nucleotides in DNA oligomers.
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