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Abstract: We present polarimetry, i.e. the detection of optical rotation of
light polarization, in a configuration suitable for femtosecond spectroscopy.
The polarimeter is based on common-path optical heterodyne interferom-
etry and provides fast and highly sensitive detection of rotatory power.
Femtosecond pump and polarimeter probe beams are integrated into a
recently developed accumulative technique that further enhances sensitivity
with respect to single-pulse methods. The high speed of the polarimeter
affords optical rotation detection during the pump-pulse illumination period
of a few seconds. We illustrate the concept on the photodissociation of
the enantiomers of methyl p-tolyl sulfoxide. The sensitivity of rotatory
detection, i.e. the minimum rotation angle that can be measured, is deter-
mined experimentally including all noise sources to be 0.10 milli-degrees
for a measurement time of only one second and an interaction length of
250 pm. The suitability of the presented setup for femtosecond studies is
demonstrated in a non-resonant two-photon photodissociation experiment.
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OCIS codes: (120.5410) Polarimetry; (300.6310) Spectroscopy; (320.7150) Ultrafast spec-
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1. Introduction

Chiral molecules show optical activity, i.e. they rotate the polarization direction of linearly po-
larized light. Optical rotation is an inherently tiny effect, large optical path lengths in the range
of centimeters and high concentrations are commonly employed to reach measurable optical
rotation angles. Such conditions are disadvantageous for femtosecond spectroscopy, especially
if one wantsto apply pulse-shaping techniques, where small volumes and short path lengths are
needed to achieve high intensities for nonlinear excitations and to avoid pulse distortion upon
propagation through the sample. In this paper, we do not probe ultrafast chirality changes, as
demonstrated (or proposed) by probing ultrafast changes in optical rotation [1-4] or circular
dichroism [1-12], but we rather make use of optical rotation changes due to a stable photo-
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Fig. 1. Schematic diagram for the polarimeter setup. LD, laser diode; P, polarizer; EOM,
electro-optic modulator; S, samplein acapillary; VWP, variable wave plate; AN, analyzer;
PD, photodiode; LI1A, lock-in amplifier; FG, function generator; HVA, high-voltage ampli-
fier. Orientations are given in brackets relative to the x axis.

product as a probe for ultrafast dynamics initiated with femtosecond laser pulses. For an ex-
perimental implementation of this concept, we present an accumulative polarimeter setup with
short path length that is fast and sensitive enough to overcome the mentioned complications.

Whereas circular dichroism is only reasonably large close to an absorption band, optical ro-
tation isvery attractive asaprobe signal becauseit isnon-zero even energetically far away from
the adjacent absorption, i.e. the molecules can be probed without being electronically excited.
It is further directly coupled to the molecular structure [13] and enantiodifferentiating in its
sign. High-precision polarimeters generally do not have their focus on detection speed [14],
since stationary products are observed with isotropic spatial distribution. Integration times up
to minutes yield very high precision [15, 16], as used for example in high-performance liquid
chromatography detectors. Polarimeters based on heterodyne detection translate the optical ro-
tation into a phase difference, which can be detected faster. We use the heterodyne detection
method of Lee and Su [17] as basis for our polarimeter since it is common-path and therefore
does not require the interferometric stability of related setups [18-20]. We show theintegration
of the polarimeter and a probe for linear absorption spectroscopy into an accumulative scheme
for femtosecond spectroscopy [21]. This affords femtosecond laser spectroscopy with rapid
and precise detection of optical rotation angles as well as linear absorption. In the employed
accumulative scheme, a train of femtosecond laser pulses interacts with the same sample vol-
ume such that photochemical effects are accumulated. This accumulative scheme yields higher
product concentration while maintaining the femtosecond time resolution by the use of pump
pulse pairs with adjustable time delay [21, 22], asis explicitly demonstrated in Section 8. The
polarimeter probe utilizes the light of a continuous-wave (CW) laser diode, which is modul ated
by an electro-optic modulator, leading to a continuously varying polarization state. This gives
the ability to transform the optical rotation of the sample into a phase difference, which can
be rapidly detected by a lock-in amplifier. Adding a small phase retardation after the chira
sample leads to an effective signal amplification such that the measured phase difference then
corresponds to a sensitive measurement of optical rotation.

2. Experimental setup

The principal components of our polarimeter are sketched in Fig. 1. Thelight of atemperature-
controlled, pigtailed laser diode (LD, Thorlabs, LPS-406-FC) at 405 nm passes a thin-film po-
larizer (P, Codixx, colorPol UV405BC4) oriented at 45° relative to the x axis. An electro-optic
modulator (EOM, Linos Photonics, LM0202) modulatesthe linearly polarized light with a saw-
tooth voltage (frequency: 14.5 kHz) generated by a function generator (FG, Thurlby Thandar
Instr., TG4001) and amplified (40x) by a high-voltage amplifier (HVA, FLC Electronics,
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Fig. 2. () Schematic setup. Three beams are spatially overlapped in the capillary to record
the linear absorption (red) as well as the optical rotation (blue) before, during and after il-
lumination with femtosecond laser pulses (purple). (b) Schematic measurement procedure.
Depicted is the repetition rate of the pump pulses (1 kHz), the sampling clock, the pump
shutter behavior, which is equal to the detected signal of the pump photodiode (pump PD),
and the time axis with dedicated time points and the measurement steps labels. The colors
of the time axis correspond to those in the data of the following figures.

A400DI) to twice the half-wave voltage of the used EOM. Afterwards, the light is focused
(beam diameter: 30 um) into the sample (S) that rotates the linearly polarized light by the angle
o. Then, avariable wave plate of Berek-type (VWP New Focus, Model 5540), with its optical
axis parallel to the polarizer (P), is passed before the analyzer (AN) isreached. The analyzer is
aWollaston prism (AN, Thorlabs, WP10), oriented at 45° relative to the polarizer (P), henceit
isoriented parallel to they axis and only one of the two output beamsis analyzed. Theresulting
light intensity is detected with a photodiode (PD, Hamamatsu Photonics, S1337-33BQ). The
phase of thissignal is determined by alock-in amplifier (LIA, Stanford Res. Sys., SR830 DSP).

The integration of this polarimeter scheme into the experimental setup for accumulative
femtosecond spectroscopy is shown in Fig. 2(a). In this setup the sample is contained in a
capillary (250 pm path length, cytometry cell, Hellma GmbH) shown as the central element
in which three beams are spatialy overlapped. The pump beam [purple beam in Fig. 2(a)]
illuminates the sample with femtosecond laser pulses at 267 nm. The pump pulses are gener-
ated via third-harmonic generation of the 800 nm femtosecond laser pulses (Newport-Spectra
Physics, Solstice One Box Ultrafast Amplifier) and focused weakly into the capillary resulting
in a beam diameter of 200 um. The pump beam can be blocked by the “pump shutter” before
interacting with the sample volume. The time of shutter opening and closure is precisely deter-
mined relative to the lock-in amplifier data acquisition with a photodiode (pump PD, Thorlabs,
DET10A/M), that detects the pump beam after passing the capillary. Furthermore, the linear
absorption spectrum is obtained with very weak xenon flash-lamp pulses (Hamamatsu Pho-
tonics, L9455-11) acting as probe light [diameter: 120 um; red beam in Fig. 2(a)]. The probe
light is recorded with a spectrometer (Ocean Optics, HR2000+). The sample solution can be
exchanged via a glass syringe and a stepper motor (Zaber, KT-LA28A) [21].

In the accumulative scheme the measurement procedure consists of the four steps depicted
in the bottom of Fig. 2(b). In the first step, “move stepper motor” (t < —1.5 s), a new sample
volume is pushed from the glass syringe into the capillary with the help of the stepper motor.
Att = —1.5s, the start of the“waiting” step (—1.5s < t < 0s), the data acquisition for the po-
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larimeter, the linear absorption probe and the pump photodiode starts. Synchronization of these
data acquisition hardwares (polarimeter: lock-in amplifier; linear absorption probe: spectrom-
eter; pump photodiode: ADC card) is achieved by one “sampling clock” shown in the second
line of Fig. 2(b). This sampling clock is simulated by a computer that generates trigger events
with a given rate (we use either 50 Hz or 100 Hz in thiswork). Acquisition of one data set from
all hardwaresistriggered by one trigger event of the sampling clock.

At the start of the “exposure” step (t = 0 s) the pump shutter is opened. Thefirst femtosecond
pulse that hits the sample is detected by the pump photodiode as shown in the fourth line of
Fig. 2(b) and that time is taken as the first “fix time point” later on. During the exposure step
(0s<t < 3¢9)thesampleisilluminated with the 1 kHz femtosecond pump pulsetrain shownin
thetop of Fig. 2(b). Closure of the pump shutter marksthe start of the “ diffusion” step (t = 3 ).
Similar to the start of the exposure step the first pulse that is blocked by the pump shutter is
detected by the pump photodiode and taken as the second fix time point. In the diffusion step
(3s<t < 6.5s9) thesampleisno longer illuminated by femtosecond pump pulses and only dif-
fusion takes place. To achieve higher resolution for the optical rotation detection as well as the
linear absorption spectrum, this cycle is repeated up to five times and the single measurement
curves are averaged. For this averaging, shutter timing jitter can be corrected because the two
fix time points of shutter opening and closure as detected by the pump photodiode are known.

3. Polarimeter principle

The common-path optical heterodyne interferometry principle has been shown in detail by Lee
and Su [17]. In contrast to their original setup, we omit the quarter-wave plate in front of the
sample, since our implementation lacks a reference beam and we use the internal reference
of the lock-in amplifier instead for higher precision. This leads to changes both in the relative
orientations of the optical elements (Fig. 1) and in the Jones matrix calculation [23,24]. Never-
theless, a similar sinusoidal signal can be derived, as shown below. The z axis is chosen along
the propagation direction of thelight and the x axisalong the vertical direction (see Fig. 1). With
Ein representing the linearly polarized light at 45° (due to the polarizer Pin Fig. 1), EOM(wt)
representing the EOM oriented at 0° driven by a sawtooth voltage with angular frequency
and amplitude &, S(ex) representing the sample that rotates linearly polarized light by the angle
o, VWP(9,45°) representing the VWP with retardation 6 oriented at 45° and AN representing
the analyzer at 90°, the Jones vector of the light detected by the photodiode (Eqt) becomes:

Eout = AN-VWP(8,45%) - S(ox) - EOM(wt) - Eip.

The Jones matrix of the sample S( ) consists of the active 2D rotation matrix. Before and after
the VWP the coordinate system is rotated by an angle 3 = 45° with the passive rotation matrix
Rot ] to include the orientation of the VWP at 45° relative to the x axis. Equt then becomes

Eouw = < g g_) )ROt[450] ( exp(lg) exp(%) ) Rot[+45°]

cos(a) —sin(a) exp (194 0 1 /1 1
“\sin(e)  cos(a) 0 exp(=2) )2\ 1) @

Thus, the signal |, detected by the photodiode is
lout = |Eout|? = % [1+sin(2a) cos(d) cos(wt) +sin(d) sin(wt)], 2

which can be transformed into the sinusoidal form

laa = 3 [1+Asin(at + )] ©
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with the help of the relation
asin(wt) +bcos(wt) = v/a2+b?sin [a)tJrarctan (2)} 4

wherea=sin(d) and b = sin(2a) cos(6). Thus, the amplitude A and the phase ¢ in Eq. (3) can
be described through

A = Va1 = \/Sn?(8)+[sin(20)cos(8)], ©)
¢ = arctan <g) = arctanﬁ;g(zg))]. (6)

Equation (4) is only exact if a is positive, which is true for our experiments where we use
6 = 2.3°. Thisvalue § for the retardation setting of the VWP isfound to be optimal, as shown
in Section 7. The value for ¢ in Eq. (6) can then be transformed into

o= %arcsin[tan((S)tan(q))] 7
to revedl the optical rotation o of S(cr) with the retardation 6 known. The adjustment of the
retardation setting was done experimentally by measuring the signal amplitude A [see Eq. (5)],
with no sample in the capillary (o = 0), for different values for . Thus, we can set the value
for theretardation to 6 = (2.3+0.2) °. Other values are also possible if desired.

The lock-in amplifier detects the signal |oy: in Eq. (3) for a period of time (lock-in amplifier
time constant Ty |a) and determines the amplitude A [Eq. (5)] and the phase ¢ [Eg. (6)]. The
phaseisthereby relative to areference sine oscillation. Thisreference can either be provided by
an external signal or be internally generated. We chose the internal reference due to the higher
precision of the valuesfor A and ¢ compared to the values with external reference.

If the phase of the signal were zero for zero optical rotation, we could directly replace ¢ in
Eqg. (7) with the measurement value from the lock-in amplifier to obtain o.. However, dueto the
absence of areference beam with known absolute phase it is only possible to measure a phase
change A¢. We define the phase change A¢ relative to ¢g, the averaged phase value measured
by the lock-in amplifier during the waiting step in Fig. 2(b),

Ap(t) = ¢(t) — ¢o, ®

with the phase value ¢ (t) determined by the lock-in amplifier at timet. Since we encounter only
small optical rotation angles o we can apply the small-angle approximation to all terms depen-
dent on o in Egs. (6) and (7), with Eqg. (6) then becoming ¢ ~ %a. The phase change A¢ is
then related linearly to an optical rotation change Ac. For oo = 0.1 deg (throughout this work
all optical rotations are presented in the unit deg for degrees, or mdeg for milli-degrees, for
clear presentability) the error in the phase ¢ in Eq. (6) due to the small angle approximation is
0.5 %0 with 6 = 2.3° as used in our experiments. We define the “angle amplification” k as

2
K= ) (©)

which describes the factor between the optical rotation o and the phase ¢ detected by the lock-
in amplifier. Equation (7) then becomes ok ~ ¢.

Considering now that we measure a phase difference A¢ we exploit this linear relationship
of ¢ with o to obtain an optical rotation change Ao.. With a phase ¢ corresponding to aknown
optical rotation oy, e.g. the phase differencefor the achiral solvent corresponding to og = 0 deg,
one can directly calculate the absolute optical rotationto oo = o + Acx.
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Fig. 3. () Photodissociation of methyl p-tolyl sulfoxide molecules in the case of the R-
(left) and S-enantiomer (right). After irradiation with UV light, the sulfoxide molecules
break at the stereogenic center, resulting in two achiral products (middle) [25]. (b) Opti-
cal rotation measurement for the R-enantiomer in acetonitrile with a concentration of ¢ =
2 mg/ml, asampling rate of 100 Hz and alock-in amplifier time constant of Ty ja = 100 ms.
The data are plotted in blue, red, and green corresponding to the colors of thetime intervals
introduced in Fig. 2(b). The two vertical black linesindicate the time window during which
the pump shutter is open. A fit (black dashed line), with the model introduced in Section 5
(or more detailed in Appendix A), is presented. (c) Optical rotation measurements for the
S-enantiomer in acetonitrile with concentrations of ¢ = 4 mg/ml (dashed) and ¢ = 2 mg/ml
(solid), asampling rate of 100 Hz and alock-in amplifier time constant of T ;o = 100 ms.

4. Exemplary data

We use the photoreaction presented in Fig. 3(a) to test our polarimeter. Irradiation of methyl p-
tolyl sulfoxide with UV light leads to bond cleavage at the stereogenic center (the sulfur atom)
and therefore to two non-chiral products [25]. Thus, the absolute magnitude of the rotation
angle of the solution decreases when starting with either of the two enantiomers. We probe
the optical rotation of R-(+)-methyl p-tolyl sulfoxide with the setup of Fig. 2(a) and obtain
the typical data shown in Fig. 3(b). During the waiting step (blue), i.e. before illumination,
a constant signal is acquired, referring to zero optical rotation change. Att = O [left vertical
line in Fig. 3(b)] the pump shutter opens and the illumination with 267 nm femtosecond laser
pulses starts. During this exposure step (red) the optical rotation decreases rapidly due to the
photodecomposition of the chiral reactant taking place. After the end of illumination [the pump
shutter is closed at the right vertical line in Fig. 3(b)], i.e. during the diffusion step (green),
reactant molecules diffuse into the probe volume, and product molecules diffuse out of the
probe volume. This process increases the optical rotation angle again. Note that the diffusion
effect persists as well in the red part of the curve while the pump shutter is open. Hence, the
final value of the exposure step (t = 3 s) refers to an equilibrium between the diffusion and the
destruction of reactant molecules by the femtosecond laser pulses. The value at the end of the
diffusion step (t = 6.5 s) would be close to the initial optical rotation value due to diffusion, if
the waiting time after illumination were long enough and if the pump volume were in contact
with an infinite reservoir of the intact reactant.

Literature values for the specific rotation of the molecule in question [13] state a positive
optical rotation angle for the R-enantiomer. Photodestruction of the R-enantiomer therefore
should lead to a decrease in optical rotation, and this is indeed what we observe in Fig. 3(b).

#163948 - $15.00 USD  Received 1 Mar 2012; revised 16 Apr 2012; accepted 16 Apr 2012; published 10 May 2012
(C) 2012 OSA 21 May 2012/ Vol. 20, No. 11 /OPTICS EXPRESS 11844



0.04

wv
<03

200 250 300 350 400

Fig. 4. Linear absorption spectra of methyl p-tolyl sulfoxide before (blue solid line) and af-
ter illumination (blue dashed line) with a concentration of ¢ = 0.015 mg/ml and acetonitrile
as solvent. The linear absorption spectrum for the used sulfoxide molecules shows an ab-
sorption band at Amax = 245 nm, whereas for small wavelengths the influence of the solvent
is dominant. After UV irradiation, the sulfoxide molecules break at the stereogenic center,
resulting in two non-chiral fragment products, as shown in Fig. 3(a). These products lead
to a non-zero absorption in the region around 325 nm (blue dashed curve). The red curve
shows the linear absorption change of an accumulative femtosecond experiment with the
R-enantiomer and ¢ = 2 mg/ml in acetonitrile at a sampling rate of 50 Hz.

For comparison, we also recorded the optical rotation change starting with the other enan-
tiomer, S-(-)-methyl p-tolyl sulfoxide, and obtain the data shown in Fig. 3(c) for two different
concentrations ¢ = 2 and 4 mg/ml. As expected, the optical rotation change is of opposite sign.

Having confirmed qualitatively that the polarimeter setup can be used to measure optical ro-
tation changes, we now discuss how to extract rotation angles quantitatively. For this purpose,
we determine the expected optical rotation for this molecules and our setup conditions from
literature values. The extrapolation of the literature value [cr] 235, = 145 deg [26] for the
specific optical rotation was done with the Drude equation [27]. By extrapolation to the reso-
nance at A = 245 nm (see Fig. 4), a specific rotation at A = 405 nm, which is the wavelength
used in the polarimeter, of o] 23:C, = +400 deg is obtained. Note that the sign depends on
the enantiomer and is positive for the R-form and negative for the S-form. Thus, we can calcu-
late the optical rotation o of our sample with the path length d = 250 pm and concentration
¢ =1 mg/ml to be op = £1.0 mdeg. Since the literature value corresponds to a solution in
acetone, we measured the optical rotation also with acommercial polarimeter (JASCO Circular
Dichroism Spectropolarimeter J-815) in acetonitrile (the solvent used for the datain Fig. 3) sup-
porting the extrapolation with the Drude equation with an optical rotation angle of 1.0 mdeg
for the same conditions (c = 1 mg/ml and d = 250 um).

If all chiral molecules within the pump volume are destroyed by the femtosecond pulse train
in the experiment of Fig. 3(a), an optical rotation change of Aox = —2.0 mdeg is expected for
a concentration of ¢ = 2 mg/ml, which is twice as high as in the steady-state measurement
(c =1 mg/ml). Instead, the observed value for Ao ~ —1.7 mdeg is dightly lower [Fig. 3(a)].
Similarly, for the S-enantiomer [Fig. 3(b)] we observe at the concentrations ¢ = 2 and 4 mg/ml
maximal optical rotation changes of A ~ +1.8 and +3.8 mdeg, respectively, again nearly cor-
responding to the expectations from steady-state optical rotation. The fact that we do not ob-
serve exactly the expected Ac: values is explicable by diffusion due to which not all molecules
are destroyed, but an equilibrium between diffusion and destruction evolves. Quantitative treat-
ment of this effect will be provided in Section 5 or more detailed in Appendix A. We can
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therefore conclude that the presented polarimeter can accurately measure optical rotation.

Besides the optical rotation datawe also collect linear absorption spectra of the moleculesin
the spectral range from 275 to 400 nm. We cal cul ate the absorbance change AA (1), exemplarily
shown in Fig. 4 as ared ling, as AA = log,, (lo/1), with | being the averaged intensity from
t =29stot = 3sand lp being the averaged intensity fromt = —0.1stot =0s.

To confirm the results of the linear absorption measurement weilluminated a sample solution
(5 mm thickness) withaUV lamp for approximately one hour and collected the absorption spec-
trabefore and after illumination with a UV-V1S spectrometer (Hitachi, U-2000). The blue solid
line in Fig. 4 shows the absorption spectra before illumination, whereas the blue dashed curve
shows the linear absorption spectra after illumination. The photoreaction leads to a non-zero
absorption in the region above 300 nm, which is also present in the result of our measurements
in the accumulative setup (red curvein Fig. 4).

After the bond cleavage, the products may further undergo secondary reaction steps. Since
we do not know these reactions and their characteristic time scal es, a quantitative comparison of
the AA value measured within afew seconds and the changes in the linear absorption spectrum
after one hour of illumination is not appropriate. Nevertheless, we can conclude from these data
that a reaction destroying the chiral molecules has taken place in both cases, i.e. under steady-
state conditions and under accumul ative conditions. Thelatter isdirectly confirmed by thelinear
absorption probe measurement. However, since linear absorption is not enantiodifferentiating,
the further discussion will concentrate on the polarimeter probe measurements.

5. Data modeling

The effect of diffusion into and out of the probing volume needs to be considered to understand
the data shown in Fig. 3, especially if one wants to extract quantitative information about the
time evolution of the concentrations of the involved chemical species. Since an analysis by
applying the full diffusion equation [28] would be complex, we simplify the modeling by using
effective exchange rates between the different irradiated sample volumes [21, 22]. Thus, we
call “pump volume” the sample volume irradiated with the femtosecond laser pulses, while the
“probe volume” corresponds to the sample volume that is probed with the 405 nm polarimeter
beam. The diffusion rate between these volumes is described by dyr, whereas dp, refers to
the diffusion rate between the pump volume and the surrounding solution. Furthermore, the
photoconversion rate, i.e. the change in optical rotation per unit time, isdescribed by 1. A more
elaborate definition and derivation of the model is presented in Appendix A, which additionally
comprises the instrument response function of the lock-in amplifier.

As an example for the applicability of this fitting model, the experimental data for the R-
enantiomer (c =2 mg/ml) in Fig. 3(b) wasfitted (black dashed curve) resulting in the following
values: op = 2.13mdeg, n = 2.39 x 10~3/pulse, dpy = 3.58s71, and dyr = 4.69 s~ L. The agree-
ment of thefit with the experimental dataisexcellent, which justifiesthe simplified treatment of
the diffusion modeling. The deviation of o with respect to the expected value 2.0 mdeg might
originate from the retardation setting 8, which is not known exactly, and hence might cause a
small deviation (see Section 3). The interpretation of the absolute values of dy, and dp is not
meaningful since they are alignment dependent. However, since our main goal is the obtention
of n and ap, the determination of the diffusion rates is necessary. Furthermore, relative values
can provide some information about the photochemistry taking place (see Section 6.2).

6. Results

In the following, two applications serve asillustrations of the polarimeter and data model. First
we investigate the photoconversion efficiency n by varying the excitation pulse energy and
second, we study the influence of the diffusion rates dy, and dpr by varying the solvent.
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Fig. 5. (8) Fitting result (solid curves) [Eq. (15)] and experimental data (crosses), recorded
with 100 Hz, of the exposure part. The global fit results in a linear relationship of n and
the pump power [see (b)]. With a concentration of ¢ = 6 mg/ml of S-(-)-methyl p-tolyl
sulfoxidein acetonitrile, the expected optical rotation Ac: change of ~ 5.0 mdeg is achieved
only in the case of 1.0 pJ. In the case of lower intensities an equilibrium at smaller optical
rotationsis obtained. (b) Dependence of thefit parameter 17 on the pulse energy as given by
the global fit to the experimental datain (a) (blue), and dependence of the optical rotation
change Aa on the pulse energy (red). To corroborate that the two graphs do not form two
straight lines, their ratio is shown as an inset (note the scale).

6.1. Pulseenergy variation

We use a solution of S-(-)-methyl p-tolyl sulfoxide molecules in acetonitrile with a concentra-
tion of ¢ = 6 mg/ml. This solution is irradiated with pulse energies from 0.4 to 1.0 pJ and the
change in optical rotation is monitored as a function of time during exposure [Fig. 5(a)]. Since
we look at the S-enantiomer, the optical rotation change is positive during illumination. For
the highest pulse energy, the observed optical rotation change is close to the theoretical maxi-
mum optical rotation change of 6.0 mdeg. In the case of lower pulse energiesthe equilibriumis
reached at smaller optical rotations. The parameters of the model [Appendix, Eq. (15)] are ob-
tained via global fitting to all experimental data sets of Fig. 5(a). Thisresultsin only one value
for op = 6.09 mdeg and dy, = 3.09 s~1 for al curves, since nothing except the pulse energy
was changed. Hence, only the parameter n) is allowed to vary between the different curvesin
Fig. 5(a), but still the experimental data is described well with the model.

The obtained conversion efficiencies are presented in Fig. 5(b) (blue) and revea a nearly
perfect linear relationship with the pulse energy. Furthermore, in Fig. 5(b) (red) the reached
optica rotation change Ao for each pulse energy is presented. For increasing pulse energies,
the optical rotation change Ao increases slower than the value for the photoconversion effi-
ciency . Hence, for even higher pulse energies the value for Ao will saturate, while the value
for n should still increase linearly. Note that the pump diameter is 200 um making multipho-
ton process contributions unlikely. This non-linear rise of Ao with the pulse energy meets the
expectation, since at a given pulse energy all molecules in the probe volume are destroyed, lim-
iting the optical rotation change Aa to a maximum value, whereas 1 in a good approximation
scales linearly with the pulse energy.

6.2. Solvent variation

To study the impact of solvent viscosity, we compare acetonitrile and isopropanol as solvents
for the R-enantiomer with a concentration of ¢ = 2 mg/ml at a pulse energy of 0.8 pJ. Thus,
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Table 1. Dependence of the Diffusion Rates dpy and dyr on the Solvent

solvent dou  [s7Y] dy [s7Y
acetonitrile 3.5739 4.4795
isopropanol 1.9789 1.8191

except for the solvent, al other experimental parameters are identical. The results for the dif-
fusion rates of the fits are listed in Table 1. The diffusion rates of acetonitrile are larger than
those of isopropanol, which is a direct consequence of acetonitrile having a smaller viscosity
(nv = 0.369 mPas) than isopropanol (1, = 2.038 mPas) [29]. This result does not only show
the applicability of the derived model, but also that the right calibration, i.e. the determination
of thediffusion rates, is crucial to extract quantitative information from accumulative femtosec-
ond spectroscopy experiments. Note, although not differing drastically, that these val ues cannot
be compared directly to the values obtained in Section 6.1 because a different concentration was
employed and the spatial overlap of the pump and the polarimeter beam (see Fig. 2) was slightly
moved. The calibration process should thus be carried out for each arrangement such that the
desired photoconversion efficiency can always be extracted from the experiment.

7. Rotation-angleresolution

Two decisive characteristics of the polarimeter are rotatory resolution and acquisition time. The
theoretical limit in the time domain is set by the time constant of the lock-in amplifier, since
one has to wait approximately three to five times the time constant to revea a reliable phase
value (see Appendix) [30]. Theresolution in optical rotation is more complicated to determine.
Theoretically, it is given by the angular phase resolution of the lock-in amplifier, in our case
8 mdeg [30], which would lead to aresolution of the optical rotation of 0.16 mdeg for aretarda-
tion setting of 6 = 2.3° (which will be shown to be optimal below). Lee and Su have cal culated
atheoretical limit of 0.035 mdeg [17] considering besides the angular resolution of the lock-in
amplifier also the second-harmonic error and the polarization-mixing error. However, thisvalue
is not reached in an actual experiment due to electronic noise, scattering in the sample solution
or intensity fluctuations of the laser diode, to mention just a few effects. Thus, we decided to
determine the true resolution of the polarimeter experimentally rather than theoretically. For
this purpose, we fill the capillary with solvent only (acetonitrile) and repeat the measurement
procedure of Section 4, thusincluding all noise effects. The data should be basically a horizon-
tal line as no change in rotation angle should occur upon irradiation with the femtosecond pulse
train. The recorded fluctuations due to noise are assumed to be Gaussian distributed, which was
confirmed by statistical analysis of the distribution of the data points. A step change in such
data can be resolved if it is greater than two times the standard deviation of the noise. Hence,
we calculate the standard deviation of the solvent data and multiply the result by two to obtain
the rotatory resolution of the polarimeter.

Theresult of thisnoise analysis can be seenin Fig. 6 for different settings of the retardation &
of the VWP and different time constants of the lock-in amplifier T_ 4. Theresolution gets better
with longer time constants. Concerning the retardation ¢ of the variable wave plate, a setting
of 6§ = 2.3° isbest for our purposes, revealing an optimal resolution of 0.10 mdeg within only
1 s of measuring time (T.ja = 100 ms). This value of 0.10 mdeg is smaller than the value of
0.16 mdeg determined by the resolution of the lock-in amplifier because of data averaging. On
the other hand it is somewhat larger than the purely theoretical value of 0.035 mdeg by Lee and
Su [17] because we include all experimental noise sources.
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Fig. 6. Resolution of the optical rotation change Ax (at 1 s measurement time) for different
settings of the retardation § [Eq. (7)] and different time constants of the lock-in amplifier.
Theresolution hasits optimum at aretardation of 6 = 2.3° for all time constants. The best
resolution value, at atime constant of 100 ms, is 0.10 mdeg.

Theoretically, the angle amplification k should get infinitessimally large when approaching
aretardation setting of 6 = 0° according to Eg. (9), which should result in an infinitesimally
small resolution. However, the amplitude A of the modulation given [Eq. (5)] for such small
retardations would be very small (zero in the case of § = 0°). Sincethelock-in amplifier reveals
a higher noise level for smaller signal amplitudes the effect of the optimal retardation setting
should feature alocal minimum. Figure 6 shows that the resolution for a retardation value of
6 = 1.3° isworse than for § = 2.3°, which is adirect consequence from this relationship.

If one calculates the change in optical rotation per laser pulse, which is essentially the fitting
parameter 1 (see Appendix A), we obtain a resolution on the order of 10~ mdeg (see Fig. 5).
In ultrafast time-resolved pump-probe experiments [1], a resolution on the order of 10~1 mdeg
has been demonstrated. However, the technique employed there differs significantly from our
approach, whose sensitivity is due to the accumulation of products over many laser pulses, but
does not measure time-resolved chirality changes on an ultrafast time scale.

8. Femtosecond timeresolution

As mentioned before, the accumulative spectroscopy technique allows afemtosecond time res-
olution by using apair of pump pulses[21,22] which are delayed with respect to each other. To
verify this also for the optical rotation detection of the present work, we determine the maxi-
mum time resol ution achievable with the employed laser system by initiating the photoreaction
of Fig. 3(a) viaanon-resonant absorption of two photons of different color. The optical rotation
signal as afunction of the time delay within the pump pulse pair reflects the time resolution of
the setup and ideally would follow the cross-correlation of the pump pulse pair.

To generate apair of pump pulseswith different central frequencies, afraction of the 800 nm
laser output is frequency-doubled in a B-barium borate crystal (BBO, thickness 200 um, cut at
29.2°), yielding 400 nm pulses. The fundamental and frequency-doubled beams are separated
in a Mach-Zehnder-type setup [Fig. 7(8)]. While the 400 nm beam path is kept fixed, the delay
At isintroduced via a computer-controlled linear stage which de- or increases the length of
the beam path of the 800 nm beam. A half-wave plate is included in the 400 nm beam to
achieve parallel polarizations. The beams can be attenuated separately with the help of two
neutral density filter wheels [see Fig. 7(a)] and are finally weakly focused into the capillary at
adiameter of ~ 250 um. For the 400 nm beam we use a pulse energy of 5 pJ while the 800 nm
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Fig. 7. (a) Sketch of the setup used to introduce the time delay between the pump pulse pair.
For the measurement of the cross-correlation a SFG crystal is included after the second
dichroic mirror. (b) Comparison of the cross-correlation and the polarimeter measurement
with two pump pulses. The shape of both curves are nearly identical, as can be seen from
the two Gaussian fits. The data are vertically offset for clarity; note the different ordinates.

beam is adjusted to 4 pJ, so that the photoreaction does not occur measurably via multiphoton
absorption from either only the 400 nm or the 800 nm pulses. The measurement isidentical to
the description in Section 2 except that instead of atrain of pulses we now use atrain of pulse
pairs. Thus, a measurement curve analogous to Fig. 3 is recorded for every time delay At of
the pump pulse pair. The maximum optical rotation change, i.e. the averaged optical rotation
changefor 2.5 s <t < 3.0 s, isthen plotted as afunction of Ar.

The result of an experiment with the S-enantiomer (¢ =5 mg/ml, T, ja = 100 ms, sampling
rate 100 Hz) is shown in Fig. 7(b) (blue plus signs). A strong change in optical rotation is
evident if the pulses of the pump pulse pair overlap temporally. To determine At = 0 and to
record the cross-correlation [red crosses in Fig. 7(b)] we use another BBO crystal (100 pum,
44.3°) for sum frequency generation (SFG) at 267 nm which is detected by a photodiode after
blocking the 400 and 800 nm beam with afilter (Schott UG11).

The polarimeter data as well as the cross-correlation data were fitted with a Gaussian func-
tion and juxtaposed in Fig. 7(b), disclosing their identical temporal behavior. Hence, the time
resolution of the accumulative polarimeter setup is indeed predominantly limited by the fem-
tosecond pulse duration. We want to emphasize that we do not detect an ultrafast change in
optical rotation, but achangein optical rotation between reactants and stable productsis probed
by a CW light source. Nevertheless, femtosecond time resolution for monitoring the chemical
reaction dynamics is achieved by using a pair of pump pulses with adjustable delay. The setup
is hence applicable to determine the ultrafast dynamics of a chiral system undergoing a change
in optical activity after the (resonant) interaction with two femtosecond pul ses.

Asan outlook, imagine aracemic solution illuminated with specific pulsed laser fields so that
theinterconversion of the enantiomersisasymmetric (e.g., ascenario asin[31]). While standard
absorption measurements cannot reveal this, our accumulative polarimeter is a sensitive device
which should be able to detect such a photoderacemization, and it is fast enough so that the
search for the adequate el ectric fields can be done in a closed-loop procedure based on agenetic
algorithm [32]. Such an approach might further benefit from shaped femtosecond pul ses whose
polarization state can be adjusted in awell-defined way [33], even in the ultraviolet [34].

9. Conclusion

Within this work, we presented a setup combining common-path optical heterodyne interfer-
ometry and an accumulative technique for femtosecond laser spectroscopy to measure small
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changes in optical rotatory power. The functionality of the technique was demonstrated for a
photoreaction of chiral sulfoxides and simultaneously recorded linear absorption spectra. Op-
tical rotation is an attractive signal for monitoring chemical reactions involving enantiomers.
The presented setup has an experimentally determined angular resolution of 0.10 mdeg includ-
ing al noise sources, which is better than most commercial devices. However, here we need
a measurement time of only one second, an interaction length of only 250 ym and a probe
beam size (aperture) of only 30 um for the polarimeter, in contrast to commercially available
polarimeters [35] (interaction length: on the order of centimeters; aperture: > 1 mm; measure-
ment time: ~ 10 s). In addition, it is possible to gain femtosecond time resolution by utilizing a
pair of pump pulses. In this way, the ultrafast dynamics of a photoreaction can be revealed if a
stable photoproduct with a different optical activity than the reactant is formed after the inter-
action with two femtosecond laser pulses with proper temporal delay, phase, and polarization.

Appendix A: Determination of sample and instrument response

In this appendix, we want to derive the model which led to thefit function used in the main body
of the paper. As mentioned in Section 5, it isimportant to take diffusion effects into account to
be able to model the acquired data of the polarimeter correctly. Thus, in afirst step we describe
the response of the sample by a simple diffusion model. In a second step, we elucidate the
response function of the used lock-in amplifier. Afterwards, these two functions are combined,
resulting in the final fitting model used to describe the measured data.

Sample response

For better visualization of the used variables, the definition of the effective volumesis sketched
in the inset of Fig. 8. We call “pump volume” (blue disk in Fig. 8) the sample volume that
isirradiated with the femtosecond laser pulses, which creates an optical rotation labeled ogpy.
The sample volume that is probed with the 405 nm polarimeter beam, called “probe volume”
(yellow disk in Fig. 8), exhibits an optical rotation oy Before the sample isirradiated (t < 0),

0 2 4 6 8 10 12
t [s]

Fig. 8. Simulated example for the diffusion model obtained via Eq. (12) and the condition
A o = opr — o With the following parameters: op = 0.5deg, 1 = 1.8 x 103/ pulse, dpr =
0.257%, doy = 0.4s7%, T = 3.0s. The curve shows the decay due to illumination (red)
and the following increase in optical rotation due to diffusion effects (green). Inset: optical
rotations ¢ in different volumesi defined by the beam geometry with rates for diffusion d;
and photoconversion efficiency 1.
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the optical rotation in the whole capillary is constant and equal to cp, opu(0) = o (0) = op. At
t = 0 the exposure with femtosecond laser pulses starts and lasts for the time 7, which is equal
to 3.0 sin our case. During thisirradiation (0 <t < 1) the concentration of the pump volume
changes according to [21]

) _ oo~ (V)] - nGp(D). 0gelt) = opult), (10

with dpy being the diffusion rate between the pump and the surrounding solution (see Fig. 8) and
n isthe photoconversion rate, i.e. the change in optical rotation per unit time. In the following,
the photoconversion rates are given in the unit [1/pulse], which can be calculated by dividing n
with the repetition rate (1 kHz) of the femtosecond laser system. During the illumination period
the probe volume is approximately described by the same time evolution as the pump volume.
After the exposure time (t > 1) only diffusion persists, which is described through
dogy (t dogy (t

O _ oo 0], 20—y foalt) — o), )
where dyy is the diffusion rate between the pump and probe volume (see Fig. 8). The complete
solution of the systems of differential equations [Egs. (10) and (11)] is

1 t<O
dpu+1 exp[—(dpu+1)t] 0<t<r
dpu 1 o
Opr(t, ) = 00 X dpuexpldpr (7—t)— (dpu+1) 7){ ~1-+exp|(dpu+1) 7] } 1~ dpu(cpu-+ 1) - (19

(dpr—dpu) (dpu+1)
dor (dpu+{ 1—exp|dpu(t—t)]+exp(—dput—117) } )

+ (dor—dpu) (dpu+1)

t>7

In order to exemplify Eq. (12) we show in Fig. 8 the temporal evolution of optical rotation
for one particular set of constants. The initial decay startsat t = 0 s due to illumination and is
then limited via the diffusion rate dp,. After the illumination (t > 3.0 s), only diffusion driven
by both diffusion rates persists, which leads to are-increase in optical rotation.
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Fig. 9. Response function of the used lock-in amplifier. The experimental data, sampled
at 100 Hz, is shown in crosses for different lock-in amplifier time constants (red: 10 ms,
green: 30 ms, blue: 100 ms). Equation (14) was used for the fitting procedure (solid lines)
resulting in the values presented in Table 2.
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Table 2. Results of the Fitting Procedure of the Response of the Lock-In Amplifier Pre-

sented in Fig. 9*
LIAtimeconstant T, ja [s] 0.010 0.030 0.100 relation with T |a
delaym [g 0.0325 0.0801 0.2480 =2.47T. a+0.0084s
varianceb; [g] 0.0075 0.0238 0.0805 ~0.8T.a
varianceby  [g] 0.0280 0.0842 0.2776 ~28T.a

*The fit reveals a linear relationship for all parameters m, by, and by, with respect to the lock-in-amplifier time
constant T asindicated by the equationsin the last column.

I nstrument response

In addition to this sample response we have to consider the instrument response function of the
lock-in amplifier for accurate modeling of the experimental data. We measured the response of
the lock-in amplifier by generating a sinusoidal signal which changes its phase and amplitude
abruptly at agiven time point (t = 4.0 s, see Fig. 9) and measure how fast the new phase value
is detectable at the output (Fig. 9). Note that Fig. 9 shows rather the convolution of the response
function with a step function than the response function itself. In the case of an infinitely fast
response a step function would be observed. By contrast, we observe a delayed and smoothed
risefor different lock-in amplifier time constants, as expected. We assume the response function
R_1a(t) to be an asymmetric Gaussian, consisting of two moieties with different widths

{@(m—t)exp [— ( Zb?)z} +0O(t—m)exp [— ( ;b?)z} } . (13

A
V2m(by+ by)

Here A representsthe area under the curve of the asymmetric Gaussian-shaped function R_ja (t),
the bi2 indicate the Gaussian variances for each side, mis the position of the maximum of R_ja
and O is the Heaviside step function. The convolution of the asymmetric Gaussian R_j (t) in
Eqg. (13) with a step function is given by the integration

Rua(t) =

t
ErfLia(t) = \/Zﬁ | / Ruia(X)dx+ O (14)

with O being a phase offset. Equation (14) corresponds directly to the datain Fig. 9. The best
fitsof Eq. (14) to the experimental data (crosses) for three different time constants of thelock-in
amplifier are shown as solid lines in Fig. 9. The obtained fit parameters are listed in Table 2.
As can be seen from the linear relationship of the fit parameters (last column in Table 2) with
respect to the time constant T, |4 and the good agreement of the fits with the experimental data
inFig. 9, themodel [Eq. (13)] for the response function is satisfactory. Thelinear relationship is
comprehensible since in case the time window length for integration (i.e., the lock-in amplifier
time constant T a) is larger, the final values for the amplitude and phase are reached more
slowly. The parameters by and b, describe the width of the response function linearly, therefore
the linear relationship of the parameters with the time constant is a good indicator for the
performance of the asymmetric Gaussian as model function for the response function.
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Total response

The convolution of the sample response function [Eq. (12)] with the lock-in-amplifier instru-
ment response function [Eq. (13)] leadsto the total response function

F(t.7) = (o *Rua) (t.7) = / (X, T)RLIA (X — )X, (15)

which is taken as fitting model for all experimental data from the polarimeter setup. With the
help of Eq. (15) we can extract the parameters op, 1, dpy, and dpr from experimental data.
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