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Supporting Information: Optical discrimination of racemic from achi-

ral solutions

Andreas Steinbacher,” Patrick Nuernberger,” and Tobias Brixner**

1 Optical discrimination in the case of a nonlin-
ear dependence on the fs pump-pulse power

As mentioned in the main text, in specific molecular systems,
e.g., in chiral photoswitches', the assumption that only one
fs laser pulse of the pump pulse train triggers a photoreaction
might not be valid. In such a case, it might be possible that
one photon triggers the first photoreaction while a second one
leads to photodecomposition such that one is not operating in
the linear power regime. Due to prolonged fs irradiation a fur-
ther interaction of photoproducts with the fs pump pulse train
cannot be excluded. Hence, we discuss the expected signal
shapes for photoreactions due to the absorption of two pho-
tons from different fs pulses of the pump pulse train theoreti-
cally. The special case that those two photons originate from
the same fs pulse of the pump pulse train, as e.g. in a nonres-
onant multiphoton absorption process, is excluded. As will be
shown, an optical discrimination between racemic and achiral
solutions is not unambiguous, or even impossible, in that case.
Although some presented scenarios might be rather unlikely
we analyzed all possible pathways in the case of an unknown
sample. At first we consider the interaction with LIN polar-
ized fs pump pulses, leading to eight possible scenarios pre-
sented in Fig. S1. However, regardless of whether the reactant
is achiral (Fig. S1a) or racemic (Fig. S1b), the intermediate as
well as the final state can only be a racemic mixture or achiral
if LIN polarized pump pulses are utilized. In the following
the intermediate state is always generated by the photoreac-
tion triggered by the so-called first photon while the final state
is achieved by the absorption of the so-called second photon
of the pump pulse train. For example, it might occur that one
starts with an achiral solution and generates racemic mixtures
with the first (scenario 2 in Fig. S1a) or the first and the second
photon (scenario 1.2 in Fig. S1a), but an enantiomeric excess
(ee) can never be generated. Also the generation of achiral
photoproducts starting from racemic mixtures is possible with
only the first (see e.g. scenario 3 in Fig. S1b) or the first and
the second photon (see e.g. scenario 4.1 in Fig. S1b), but again
the polarimeter would not measure an optical rotation change.
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The situation changes if one considers circularly polarized
pump pulses, presented in Fig. S2. Starting with an achi-
ral molecular system in solution a photoreaction triggered by
one photon always leads to no optical rotation change (see
scenarios 5 and 6 in Fig. S2a) which was already discussed
in the main text. The interaction with the second photon of
the circularly polarized fs pump pulse train does not lead to
a measurable signal either if the intermediate state is also
achiral (confer scenarios 5.1 and 5.2 in Fig. S2a). However,
as shown in scenarios 6.1-6.3 in Fig. S2a if the intermedi-
ate state is racemic the photoreaction triggered by the second
photon leads to signal shapes which are similar to scenario 7
which is presented in Fig. 4 of the main paper. For example
scenario 6.2 might be applicable in the case of chiral photo-
switches !. Thus, in general the question arises if it is possible
to distinguish between scenario 7 and the scenarios 6.1-6.3
since there is also a non-zero optical rotation change. Further-
more, as presented in Fig. S2b if the initial state is racemic
two subsequent photoreactions triggered by the first and the
second photon of the circularly polarized pump pulses lead
to similar signal shapes as scenario 7. Hence, not only scenar-
ios 6.1 and 6.2 but also scenarios 7.1, 7.2, 8.1, 8.2,9.1, and 9.2
must be distinguishable for an unambiguous assignment of the
underlying photoreaction. Furthermore, as can be seen from
the sketched signals in Fig. S2 also the scenarios with an ee as
final state (see scenarios 9, 6.3, 8.3, and 9.3 in Fig. S2) must
be distinguishable. Thus, we model here all those scenarios
theoretically in analogy to the data modeling of the main text.
However, the influence of the lock-in amplifier is not included
in the simulations for a better comparison of effects arising
from the actual molecular system.

Scenarios 8 and 7 can be modeled similarly since for long
irradiation times in both cases all molecules in the probe re-
gion lead to a zero OA signal. In the first case all molecules are
thus converted to the racemate R’ after long irradiation which
does not deliver an optical rotation change signal. In the lat-
ter case all molecules are achiral after long irradiation, also
leading to a zero OA signal. Hence, Eq. (4) of the main pa-
per applies also for both, scenario 7 and 8. Furthermore, also
scenarios 7.1 and 7.2 can be described analogously since for
scenario 7.1 the second interaction does not change the chiral-
ity anymore and for scenario 7.2 the second interaction step
corresponds to scenario 6, where the polarimeter also cannot
detect an optical rotation change. Furthermore, scenarios 6.1
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Fig. S1 Schematic representation of the measured optical rotation change for photoreactions triggered by the first and the second photon of
the pump pulse train of the unknown solution with LIN polarized fs pump pulses. The signal shape is sketched in red for every scenario. Here,
A refers to an achiral molecule which differs from achiral molecules A’ and A”. Analogously R refers to a racemic mixture which differs from
the racemates R’ and R”. (a) If the reactant in its initial state is achiral, photochemically only a racemate (scenario 2) or another achiral
molecule (scenario 1) can be generated by the first photon, as presented already in Fig. Sa of the main paper. This behavior is similar after the
interaction with the second photon (see scenarios 1.1, 1.2 and 2.1, 2.2). Nevertheless, regardless of whether only the first or the first and the
second photon trigger the photoreaction, an optical rotation change is never measurable. (b) Starting with a racemate as reactant, again only an
achiral sample (scenario 3) or a different racemate R’ (scenario 4) is achievable after a photoreaction triggered by the first photon, as presented
already in Fig. 5a of the main paper. The subsequent photoreaction triggered by the second photon leads only to racemic mixtures or achiral
solutions (see scenarios 3.1, 3.2, 4.1, and 4.2). Hence, independent of whether achiral molecules or racemic mixtures are irradiated with LIN

polarized light, no optical rotation change is detected.

and 6.2 can be described by the same equation since in those
cases the second photon triggers an analogous photoreaction
as in scenarios 7 and 8. With the same reasoning, also sce-
narios 8.1 and 8.2 can be described with the same equation,
as well as scenarios 9.1 and 9.2 can be modeled analogously.
Thus, we have performed simulations to compare scenario 7/8,
where the photoreaction is triggered only by the first photon,

with scenario 6.1/6.2, scenario 8.1/8.2, and scenario 9.1/9.2,
where the first and the second photon trigger two subsequent
photoreactions. In all of these cases, the final state is not op-
tically active because it is either achiral or racemic. Further-
more, also scenario 9, where only the first photon triggers a
photoreaction, was compared with scenarios 6.3, scenario 8.3,
and scenario 9.3, where the first and the second photon trigger
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Fig. S2 Schematic representation of the measured optical rotation change for photoreactions triggered by the first and the second photon of
the pump pulse train of the unknown solution with circularly polarized (LC or RC) pump pulses. The signal shape is sketched in red (solid and
dashed lines refer to the opposite handedness of the circularly pump polarizations) for every scenario. Here, A refers to an achiral molecule
which differs from the achiral molecules A’ and A”. Analogously R refers to a racemic mixture which differs from the racemates R’ and R”.
An enantiomeric excess is referred to with the letter E which is different from an ee E'. (a) If the reactant in its initial state is achiral,
photochemically only a racemate (scenario 6) or a different achiral molecule A’ (scenario 5) can be generated after the photoreaction triggered
by the first photon. Hence, no optical rotation change can be observed and the signal corresponds to a flat line as presented already in Fig. 5a
of the main paper. This behavior changes if the second photon triggers a further photoreaction starting from the intermediate state. In this
case, either again achiral molecules (A, A’, A”), racemic mixtures (R, R’), or an ee can be generated. While in scenarios 6.1 and 6.2 the
optical rotation change vanishes again (comparable to Fig. 4 of the main paper), for scenario 6.3 a constant signal for prolonged illumination
remains. (b) Starting with a racemate as reactant, circularly polarized fs laser pulses can either generate achiral molecules (scenario 7),
racemates (scenario 8), or an ee (scenario 9) after a photoreaction triggered by the first photon as presented already in Fig. 5b of the main
paper. A subsequent photoreaction due to the second photon of the fs laser pulse train can result in an ee (E, E) if the intermediate is racemic
or if an ee is already present (scenarios 8.3 and 9.3). Hence, in these two cases the optical rotation change signal exhibits a constant offset for
longer illumination times. Otherwise, either racemic (R, R/, R”) or achiral (A, A’) solutions are generated which results in signal shapes
similar to those of scenarios 7 and 8 where only one photon triggers the photoreaction.

two subsequent photoreactions. Here, the final state is always 1.1 Optically inactive final state

an enantiomeric excess and thus optically active. . . . .
P y As mentioned before, the modeling of scenarios 7 and 8 is

performed as described in the main text. Hence, we start here




with the theoretical description of scenario 6.1/6.2 where the
formation of the intermediate state, a racemic mixture, with
the photoreaction triggered by the first photon can be modeled
via an additional term in Eq. (3) of the main paper, leading to

dNR(r)
dr

= — (Pope +dpu)NR (1) (S1)
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where 62 refers to the dimensionless cross section of the ini-
tially achiral reactant molecules in the solution which get con-
verted to enantiomers. Furthermore, the condition NR(t =
0) = 0 must be obeyed since prior to illumination no enan-
tiomers are present. An analogous relation to Eq. (S1) holds
for the S-enantiomer (if R is exchanged with S), hence the
second term on the right-hand side has a prefactor of %
The signal for scenarios 8.1 and 8.2 can be derived via
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where OoR- refers to the dimensionless cross section for RC
light for the reactant R-enantiomer while Ggé describes the
cross section for RC light for the R-enantiomer of the inter-
mediate racemate R’ (compare Fig. S2b). Here, the condition
NR(t =0) = 3N, holds since the initial molecular solution is a
racemic mixture. An analogous relation to Eq. (S2) holds for
the S-enantiomer (if R is exchanged with S).

To be able to model the signal shape of the putative scenar-
i0s 9.1 and 9.2 one needs to introduce a new variable k which
describes the ee of the intermediate state (confer Fig. S2b).
Like an ee [compare Eq. (5) of the main paper] it can range
from O to 1, corresponding to the range from a racemic mix-
ture to purely one enantiomer, respectively. Together with the
dimensionless cross section 6 the generation of ee can be
modeled. Thus, in total scenarios 9.1 and 9.2 can be described

1—k
= — (Pope +dpu)NR (1) + TCDNOGE X (S3)
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An analogous relation to Eq. (S3) holds for the S-enantiomer
(if R is exchanged with S). By solving Egs. (S1), (S2), and
(S3) for both enantiomers and calculation of the ee following
Eq. (5) of the main paper one arrives at simulated curves as
presented in Fig. S3a-d where the three scenarios described
above are compared to scenarios 7/8.

By measuring an unknown molecular solution the resulting
curves depend on several parameters but in general look very
similar, exhibiting a single maximum as presented in Fig. (4)
of the main text. Hence, to characterize such curves the time
point at which this maximum is achieved and the maximum
signal are the two key features of an accumulative OR ex-
periment. Thus, in the following the different scenarios are
compared by looking at these two features with respect to a
variation of the pump pulse energy. Recording the ee for dif-
ferent pump pulse energies might provide a measure to dis-
tinguish scenarios 7/8 from scenarios 6.1/6.2, 8.1/8.2, and
9.1/9.2. Note that also an increase in absorption by a con-
centration change could be performed instead of a variation of
pump-pulse energy, since we always have the product ®c in
the formulas describing the scenarios. A doubling of the pho-
ton flux & changes the time point of maximal ee (the optimal
time point) for all scenarios depicted in Fig. S3a-d to shorter
irradiation times. To elucidate this change quantitatively the
behavior of the maximal ee for different & values is visualized
for scenarios 7/8 and scenarios 6.1/6.2 in Fig. S3e (orange, left
axis). Although the absolute values are different, the curve for
scenarios 6.1/6.2 is approximately a scaled version of that for
scenarios 7/8. Hence, a distinction is not possible by deter-
mining the maximal ee for an unknown solution. However,
the optimal time point at which the maximal ee is achieved
changes differently for scenarios 7/8 and 6.1/6.2 upon varying
®. This different dependence on @ is elucidated in Fig. S3e
(blue, right axis).

The different behavior of scenarios 7/8 (solid) and 6.1/6.2
(dashed) with respect to variation of @ is best visualized if the
ratio between the maximal ee and the optimal time point, nor-
malized to the value for ® = 1 x 10'3 photons/s, is plotted.
This is shown for various different values of ¢ in Fig. S3f
(colored solid lines). If o* approaches zero, and is thus sig-
nificantly smaller than ch and G]ljc, it takes infinitely long to
populate the intermediate racemate in scenarios 6.1/6.2 [con-
fer Eq. (S1)]. Thus scenarios 6.1/6.2 convert in that case to
scenario 5, which can be distinguished since no signal can
be recorded by the polarimeter. On the other hand, if o is
significantly larger than ch and ch, scenarios 6.1/6.2 ap-
proach scenarios 7/8, for t > 0, since in this case the race-
mate is formed rapidly via the second term on the right hand
side of Eq. (S1). This leads to the same signal shape as for
scenarios 7/8 for 6 =1 x 1070 and larger values of c*.
Hence, in Fig. S3f the slope for scenarios 6.1/6.2 approach
the black dashed line, representing scenarios 7/8. However,
since for an unknown sample one would measure only one
slope and is not able to compare to a different case a dis-
crimination is not unambiguously possible in general. Yet,
if o* < oR.,0R., it should be possible to distinguish sce-
narios 7/8 from 6.1/6.2 since one would even see the delayed
rise (see arrow in Fig. S3b) in the measurement signal because
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Fig. S3 Simulation of accumulative OR experiments sketched in Fig. S2. Simulation parameters are (comparable to experiment):

No =3.85 x 102, @ = 2.00 x 103 photons/s, dpy = 0.0643 1/s, 6R- = 0% = 4.000 x 10~ '°, and 6R~ = oR2 =3.995 x 10716, (a)
Dynamical evolution in the case of a racemate according to Eq. (4) of the main paper. The maximal ee value is hardly changed for a doubling
of the photon flux @, but the maximal ee is achieved earlier. (b) In the case of an achiral solution which is first converted to a racemate with
o™ =1.00 x 10'5 from which finally an achiral solution (scenario 6.1) or a different racemate (6.2) is produced in a second step, the solution
of Eq. (S1) shows that a doubling of ® leads to a similar behavior as in scenarios 7/8. However, the time point when the maximal ee is reached
is delayed compared to scenarios 7/8 due to the formation of the racemate. (c) If the intermediate racemate is formed with

O'I]}C =1.005x 10~1¢ and ch =1.000 x 10~ from an initially racemic mixture, the dynamical evolution of the maximal ee takes even
longer [confer Eq. (S2)]. (d) If the intermediate is an enantiomeric excess (k = 0.1) formed with oF = 1.0 x 1071° the maximal ee is
significantly lower [confer Eq. (S3)]. (e) Dependence of the optimal time point (violet, right axis) and maximal ee value (orange, left axis) on
the photon flux @ for scenarios 7/8 (solid) and 6.1/6.2 (dashed). (f) Ratio between the maximal ee and the optimal time point for different
values of 6 in scenario 6.1/6.2 (solid), normalized to the value for ® = 1 x 10'3 photons/s. The black dashed line corresponds to
scenarios 7/8. (g) Ratio between the maximal ee and the optimal time point for different values of GSC, while Gll;C =1.000 x 10710 is kept
fixed, in scenario 8.1/8.2 (colored solid), normalized to the value for & =1 x 10'> photons/s. The black dashed line corresponds to
scenarios 7/8. (h) Ratio between the maximal ee and the optimal time point for different values of oE (k=0.1 kept fixed) in scenario 9.1/9.2
(colored solid), normalized to the value for ® = 1 x 10> photons/s. The black dashed line corresponds to scenarios 7/8.

the non-zero signal is a consequence of the second interaction
only. This effect is already slightly visible in Fig. S3b.

pare Figs. S3a and S3c) one would conclude that a racemic
mixture was present in the solution before the experiment,
which is indeed true. Even if the cross sections for the first

Scenarios 8.1/8.2 are compared to scenarios 7/8 in Fig. S3g.
Again, the ratio between the maximal ee and the optimal time
point normalized to the value for & =1 x 10'> photons/s is
presented. However, in Fig. S3g the colored solid lines refer
to different values for GII}C while GI§C = 1.000 x 1016 was
kept fixed [confer Eq. (S2)]. For the presented parameters,
which are of the same magnitude as oRg, of¢ a distinction
between scenarios 7/8 and 8.1/8.2 is not achievable by com-
paring the slopes since they do not differ significantly. How-
ever, since the initial state of scenario 8.1/8.2 is also chiral and
one would observe a comparable signal to scenario 7 (com-

and the second interaction differ significantly (e.g. by several
orders of magnitude) a distinction might not be possible by
measuring ee kinetics with different pump intensities, since
once again only one slope in Fig. S3g would be measured.
Note that the parameters were chosen so that the sign of the
optical rotation change is identical for the first and the sec-
ond interaction. If these differed, also a sign change in the
observed signal might be visible and thus a distinction would
be rather straight-forward. Furthermore, in the case that the
absolute values of o} — ok~ and 6% — OR2 are identical but




the sign differs, no signal is observed at all. This extremely
special case thus cannot be resolved.

In the case of scenarios 9.1/9.2 and scenarios 7/8 discrimi-
nation might be achieved by measuring ee kinetics with vary-
ing pulse energies for the circular polarized pump pulses, as
presented in Fig. S3h. As in the two examples before, the
ratio between the maximal ee and the optimal time point nor-
malized to the value for ® = 1 x 10'3 photons/s is plotted.
In this case the conversion rate from the initial racemate to the
intermeditate enantiomeric excess c® is varied while k = 0.1
(corresponding to an ee = 0.1) is kept fixed, leading to the col-
ored solid lines in Fig. S3h. If o approaches zero, and is thus
significantly smaller than oj and o, it takes infinitely long
to populate the intermediate enantiomeric excess in scenar-
10s 9.1/9.2 [confer Eq. (S3)], thus it converts to scenario 7/8
which is represented by the black dashed line in Fig. S3h. On
the other hand, if oF is significantly larger than ch and C)'Ilfc,
scenarios 9.1/9.2 approach scenario 9, i.e., a constant offset
signal for prolonged illumination can be detected. Hence, this
extreme case can be easily distinguished. However, a distinc-
tion might not be possible in general. This can be seen from
Fig. S3h where the result for various values of oF is shown.
Again, since in an actual experiment only one slope would be
measured and no comparison can be made a distinction is not
possible in general. Note that the parameters were chosen that
the sign of the optical rotation change is identical for the first
and the second interaction. Otherwise, the sign of the optical
rotation change signal might again change at a given point in
time and thus a distinction is rather straight-forward.

Summing up the simulation results this far, it is possible
to distinguish scenarios 7/8 from 6.1/6.2 and from 9.1/9.2, as
well as scenarios 6.1/6.2 from 9.1/9.2, for certain parameter
ranges if ee kinetics are measured for different pulse energies
of the utilized circularly polarized pump pulses. However,
in general for an unknown sample an optical discrimination
is not possible if two (or even more) subsequent photoreac-
tions within the fs pump pulse train occur. Nevertheless, as
mentioned before, the cases where a subsequent photoreaction
with a second photon occurs are unlikely such that in the most
common case of only one photoreaction optical discrimination
of racemic and achiral solutions is always possible.

1.2 Optically active final state

Now we discuss how the distinction between scenario 9 and
scenarios 6.3, 8.3, and 9.3 is possible. Again, a possible route
is the measurement of ee kinetics with circularly polarized
(LC or RC) fs pump pulses and varying the pulse energy. The
discrimination of scenario 9 from scenarios 6.3, 8.3, and 9.3
is necessary since the signal shape, as sketched in Fig. S2, can
be very similar. Hence, the distinction between scenario 9 and
scenario 6.3 is of special interest since here the initial state

is either racemic (scenario 9) or achiral (scenario 6.3). The
starting point for our simulations is the defining differential
equation for scenario 9, i.e., how a racemate is turned into an
ee. This can be described with the help of

R
dNT(’) = dpy (1\2’0 —NR(t)> - %dl'oENR(t) (S4)
where oF refers to the dimensionless cross section of the ini-
tial racemic mixture which is converted to an ee, described by
k. Like an ee [compare Eq. (5) of the main paper] k can range
from O to 1, corresponding to a racemic mixture or purely one
enantiomer, respectively. Since in Eq. (S4) initially a racemic
mixture is assumed, the relation NX(t = 0) = % must hold.
An analogous relation to Eq. (S4) holds for the S-enantiomer
(if R is exchanged with S).

Scenario 6.3 can be modeled similarly to scenarios 6.1/6.2
[confer Eq. (S1)] where the formation of the racemic mix-
ture with the photoreaction triggered by the first photon can
be modeled via an additional term in Eq. (S4). Hence, sce-
nario 6.3 can be described by

dNR (1)
dr

- (cplT_k oF +dp)NR (1) (S5)
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where 6 refers to the dimensionless cross section of the ini-
tially achiral molecules in the solution which get converted
to enantiomers, constituting the intermediate racemic mixture.
The photoreaction triggered by the second photon is character-
ized in analogy to scenario 9 with 6F being the dimensionless
cross section transferring the intermediate racemate to an ee,
which is described by the parameter k. Furthermore, the con-
dition NR( = 0) = 0 must be obeyed since prior to illumi-
nation no enantiomers are present in the solution. An analo-
gous relation to Eq. (S5) holds for the S-enantiomer (if R is
exchanged with S) so that the second term, populating the in-

termediate racemate, on the right-hand side has a prefactor of
1

3
The signal for scenario 8.3 can be derived in analogy to

Eq. (S5), only the first photoreaction now differs for RC and
LC light. Hence, the defining differential equation takes the
form

dNR (1) l—k g R
o =—( TG erpu)N (1) (S6)
Loy do+0ofce~ v
2 dpu +Pog

where ch refers to the dimensionless cross section for RC
light for the starting R-enantiomer. Here, the condition NR (r =
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0) = 1 Nj holds since the initial molecular solution is a racemic
mixture. Again, the photoreaction triggered by the second
photon is characterized in analogy to scenarios 9 and 6.3 with
oF being the dimensionless cross section transferring the in-
termediate racemate to an ee, which is described by the pa-
rameter k. An analogous relation to Eq. (S6) holds for the
S-enantiomer (if R is exchanged with S).
Finally, scenario 9.3 can be modeled by

_kEl

1 —kF2 1
GE2¢)+dpu)NR(t) + —

mVR@)::_(

doflx
dr

(87

2y + (1 — KEN) D GEL ¢ 2 (2dpu (1=K )0 ™)
2dpy + (1 —kEl)PpoE!

where oF! refers to the dimensionless cross section for con-
version of the initial racemate to the intermediate enantiomeric
excess E (described by k') while 62 describes the dimen-
sionless cross section for the conversion of the intermediate
ee to the final ee E; (described by kF?) (compare Fig. S2b).
Here, the condition N®(t = 0) = 1Nj holds since the initial
molecular solution is a racemic mixture. An analogous rela-
tion to Eq. (S7) holds for the S-enantiomer (if R is exchanged
with S). Hence, by solving Eqgs. (S§4), (S5), (S6), and (S7) for
both enantiomers and calculation of the ee following Eq. (5)
of the main paper one arrives at simulated curves as presented
in Fig. S4 where the four above described scenarios are juxta-
posed.

Again, recording the ee dynamics for different pump pulse
energies might provide a measure to differentiate scenario 9
from scenarios 6.3, 8.3, and 9.3 as will be discussed in the
following. A doubling of the photon flux ® changes the time
point of maximal ee (the optimal time point) for all scenarios
depicted in Fig. S4a-d to shorter irradiation times. However,
like in the cases of Fig. S3 the change upon higher pump pulse
energies must be elucidated quantitatively to assess if a dis-
crimination is possible. Thus, in Fig. S4e (orange, left axis)
the behavior of the maximal ee for different ® values is visu-
alized for scenario 9 and scenario 6.3. Like in Fig. S3e, the
optimal time point is presented in Fig. S4e (violet, right axis)
for those two scenarios as well. Also in this case a distinction
between scenarios 9 and 6.3 is not possible in general if the ee
kinetics are measured for different intensities of the circular
(LC or RC) polarized pump pulses.

This is seen once more by plotting the ratio between the
maximal ee and the optimal time point for different val-
ues of o® in scenario 6.3 and normalizing to the value for
® =1 x 10" photons/s (Fig. S4f, colored solid). If c* ap-
proaches zero, and is thus significantly smaller than oF, the
formation of the intermediate racemate takes infinitely long in
scenario 6.3 [confer Eq. (S5)], thus it converts to scenario 35,
which then can be distinguished from scenario 9 since no sig-

nal can be recorded by the polarimeter. On the other hand,
if o is significantly larger than oF, scenario 6.3 approaches
scenario 9, for ¢ > 0, since in this case the racemate is formed
rapidly via the second term on the right hand side of Eq. (S5).
This leads to the same straight line as for scenario 9 (black
dashed) in Fig. S4f for 64 =1 x 107'% and larger values of
. However, if 62 < oE, it should be possible to distinguish
scenario 9 from 6.3 since one should even see the delayed rise
in the measurement signal. This effect is already slightly visi-
ble in Fig. S4b (see arrow).

In analogy to Fig. S4f scenario 8.3 is compared to sce-
nario 9 in Fig. S4g. Again, the ratio between the maximal
ee and the optimal time point normalized to the value for
® =1 x 10" photons/s is presented. However, in Fig. S4g
the colored solid lines refer to different values for o;%- while
OR- = 3.995 x 10 ¢ was kept fixed [confer Eq. (S6)]. As al-
ready visible from the exemplary simulated data in Fig. S4c
the magnitude of the maximal ee is smaller compared to the
other scenarios presented in Fig. S4a,b,d. This is reason-
able, since the intermediate racemic mixture must be formed
first before the final ee is achieved (see also the delayed rise,
marked by an arrow, in Fig. S4c). Nevertheless, for an un-
known solution the signal magnitude would also be unknown,
thus a distinction must be performed with a different route.
Discrimination of scenario 8.3 from scenario 9 might again be
possible by measuring with different pump pulse energies as
is deducible from the different slopes in Fig. S4g if additional
information on possible cross sections and thus the expected
slope are known. For greater cross sections GEC,GEC the max-
imal ee would rise until in the limiting case of infinite cross
sections scenario 8.3 would transfer to scenario 9. Note that
here again the parameters where chosen such that the sign of
the optical rotation change of the final ee and the intermediate
racemate are identical. Otherwise a sign change in the signal
would be observable which would make a distinction easier.

Lastly, the case of scenario 9.3 will be discussed. From
Fig. S4h, where again the ratio between the maximal ee
and the optimal time point normalized to the value for ® =
1 x 10" photons/s is presented, one can already deduce that
a distinction is hardly achievable since the slopes of the col-
ored solid lines differ only slightly from the one of scenario 9
(dashed black). In this case the colored solid lines refer to dif-
ferent values of o©! while kF! = 0.01 was kept fixed. For these
parameters, which are comparable to 652 and k2, a distinc-
tion between scenario 9 and 9.3 seems impossible, given the
experimental noise of the presented experimental data (confer
Fig. 4 of the main paper). Nevertheless, since both the inter-
mediate and the final state correspond to an ee, while the initial
state is racemic, such a signal would lead to the correct assign-
ment that the initial sample solution is racemic. Furthermore,
the simulation parameters were chosen such that the sign of
the simulated optical rotation is identical for both interactions.




scenario 9 scenario 6.3

scenario 8.3 scenario 9.3

-5 p— 5 — 3 — ° —
= (@) = |(b) @ (c) @1 i(d) @
@ 4 — DD 74 —_—2]| 2.5 —_— 0. 4 — DD
3 @ delayed rise
o o
§ 3 3 3 delayed rise 3
(&)
= = 1.5
(0]
£ 2 £ 2 2
2 o 1
€ 2
®
g 1 2 1 0.5 !
0 0
o1 2 3 4 5 & 1 3 3 4 0o 1 2 3 4 5% 1 2 3 4 5
time [s] time [s] ) time [s] ) time [s]
== scenario 9 . g 2.4 -;§c=enario 9 13 -;gcegario 9 18 -;%cznario 9
== scenario 6.3 |/ & 205l 10 18 4Lc02 10-17 1.8l== 1.05x1016
6¢c & 10717 = 40X = 1.01x10""®
. 5§ 2.0/ 10-1¢ 11— 404107 M= 1x107
Sea 52§ 5%10-16 1.6]=4.4x10""7 1.6{— 1551016
. o) 1.8 x10 -17 -9X
DAL 4e @ ° =105 1.5 6x10°" /e 1.5 fum 2x10716
b g — -
2 € B4 1.3} e 44016 1.3f=10
16 912 12 12
(e) o g (f) |14 (g) 11 (h)
0 %10 1.0 1.0

12345678910 @

photon flux [x10'® 1/s] photon flux [10"® 1/s]

12345678910

1234567891 12345678910
photon flux [10'® 1/s] photon flux [105 1/s]

Fig. S4 Simulation of accumulative OR experiments sketched in Fig. S2. Simulation parameters are (comparable to experiment):

No =3.85x 102, @ =2.00 x 10" photons/s, dpy = 0.0643 1/s, 6F = 62 = 5.000 x 10716, and k = kE2 = 0.1. (a) Dynamical evolution in
the case of a racemate which is converted to an enantiomeric excess according to Eq. (S4). The maximal ee value is hardly changed for a
doubling of the photon flux @, but the maximal ee is achieved earlier. (b) In the case of an achiral solution which is first converted to a
racemate with 6 = 1.00 x 10'> from which an ee is produced in a second step, the solution of Eq. (S5) shows that a doubling of ® leads to a
similar behavior as in scenario 9. However, the optimal time point at which maximal ee is reached is delayed compared to scenario 9 due to
the formation of the racemate. (c) If the intermediate racemate is formed with G}}C =1.005 x 10716 and ch =1.000 x 107! from an
initially racemic mixture, the dynamical evolution of the maximal ee takes even longer [confer Eq. (S6)]. Furthermore, the achievable
maximal ee is significantly lower compared to scenario 9. (d) If the intermediate is an enantiomeric excess (k = 0.1) formed with

oF = 1.0 x 1071 the maximal ee is slightly lowered if the photon flux is doubled. The dynamic evolution can be described via Eq. (S7).
However, the signal magnitude and shape is rather comparable to scenario 9. (e) Dependence of the optimal time point (violet, right axis) and
maximal ee value (orange, left axis) on the photon flux & for scenarios 9 (solid) and 6.3 (dashed). (f) Ratio between the maximal ee and the
optimal time point for different values of o in scenario 6.1/6.2 (solid), normalized to the value for ® =1 x 1015 photons/s. The black
dashed line corresponds to scenario 9. (g) Ratio between the maximal ee and the optimal time point for different values of Gllfé, while

R1 _

Orc = 1.000 x 10710 is kept fixed, in scenario 8.3 (colored solid), normalized to the value for & = 1 x 10> photons/s. The black dashed line
corresponds to scenario 9. (h) Ratio between the maximal ee and the optimal time point for different values of 6! (kB! = 0.01 kept fixed) in
scenario 9.3 (colored solid), normalized to the value for & = 1 x 10'3 photons/s. The black dashed line corresponds to scenario 9.

Otherwise also a sign change in the optical rotation change
signal would be detected and thus a distinction would be pos-
sible.

Summing up the simulation results for optical discrimina-
tion in cases where the final solution is optically active, i.e.,
an enantiomeric excess, we can conclude that scenarios 6.3
and 8.3 might be distinguishable from scenario 9 by varying
the photon flux of the circular polarized fs pump pulses. How-
ever, in general a distinction is not possible for an arbitrary un-
known solution if several interactions with the fs pump pulse
train occur. The same holds in the case of scenario 9.3 where
an unambiguous discrimination is not possible except the in-
termediate and final state are substantially different.

2 Conclusion

Summarizing all results contained in this Supporting Informa-
tion, an optical discrimination of all possible pathways after
two subsequent photoreactions triggered by the first and the
second photon of the fs pump pulse train is not possible in
general. Hence, if more than one photoreaction takes place for
the solutes in the sample volume and the photochemical reac-
tion pathways of the solutes are unknown, ambiguities remain
whether the initial solution was achiral or racemic. However,
the scenarios discussed in this Supporting Information are far
less common than the one-photon scenarios, and still some
of them can be distinguished in certain parameter ranges with
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