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Occurrence of chiral recognition in bimolecular photoinduced electron transfer (ET) is difficult to
identify because of the predominant role of diffusion. To circumvent this problem, we apply a combi-
nation of ultrafast time-resolved fluorescence and transient electronic absorption to look for stereo-
selectivity in the initial, static stage of ET quenching, where diffusion is not relevant. The fluorophore
and electron acceptor is a cationic hexahelicene, whereas the quencher has either stereocentered
(tryptophan) or axial (binaphthol) chirality. We found that, in all cases, the quenching dynamics are the
same, within the limit of error, for different diastereomeric pairs in polar and medium-polar solvents.
The same absence of chiral effect is observed for the recombination of the radical pair, which results
from the quenching. Molecular dynamics simulations suggest that the distribution of inter-reactant
distance is independent of the chirality of the acceptor and the donor. Close contact resulting in large
electronic coupling is predicted to be possible with all diastereomeric pairs. In this case, ET is an
adiabatic process, whose dynamics do no longer depend on the coupling, but are rather controlled by
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1 Introduction

Although chirality is known to be a key factor in many areas of
chemistry,"™ its role in charge-transfer processes has not been
much studied so far. Electron transmission through chiral
molecules was shown to depend on the spin state of the
electron.>® This chiral-induced spin selectivity (CISS) was
mostly found with thermal electron transfer (ET). Photo-
induced CISS was reported with quantum dots attached to a
metallic surface via a chiral spacer,”® but there is still no fully
unambiguous observation of this effect with a photoinduced
intramolecular ET in a donor-bridge-acceptor molecular system.’

By contrast, several investigations reported on a significant
effect of chirality on the photoinduced intermolecular ET
between chiral electron acceptor (A) and donor (D) connected
via an achiral bridge."®™"? For example, Miranda and coworkers
investigated diastereomeric dyads consisting of an hydroxy-
biphenyl drug linked to a tryptophan donor and found
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1 Electronic supplementary information (ESI) available: ET driving forces, addi-
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high-frequency intramolecular modes.

variations in the fluorescence lifetime as large as a factor of
four depending on the diastereomer.'* This effect as well as
that observed with other diastereomeric dyads were attributed
to the linker that limits the conformational space available to
the reactants. This leads to marked differences in the electronic
coupling and thus in the ET quenching dynamics.'* Evidence of
stereodifferentiation in the charge recombination process was
also obtained from 1H-CIDPN studies of similar dyads.'>"?
This sensitivity of intramolecular ET to chirality can be
exploited to achieve stereocontrolled photoredox catalysis, as
demonstrated with chiral transition metal complexes."”™®
Besides ET, other intramolecular photoinduced processes such
as hydrogen abstraction and excitation energy transfer were
also found to exhibit some stereodifferentiation.*>°

Occurrence of chiral recognition in intermolecular photo-
induced ET is more ambiguous. Stern-Volmer analysis of the
fluorescence quenching of binaphthyl by a chiral aniline
pointed to a stereodifferentiation of 1.9 in cyclohexane,
decreasing to 1.5 in dichloroethane and vanishing in a highly
polar solvent.?! Subsequent studies with other AD pairs found
weak stereoselectivity, <1.15, in non-polar solvents, and very
small (<1.05) if any in polar solvents.**>* This dependence
on the solvent polarity was attributed to the formation of an
exciplex in weakly and non-polar solvents and to remote ET in
polar media.
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Involvement of a ground state complex was also found to
favour stereoselectivity in intermolecular ET. For example,
a chiral effect of 1.3 was reported for the ET quenching of
Zn-myoglobin in the triplet state by a chiral methyl-viologen in
an aqueous solution.”® It was found to be twice as large for the
subsequent charge recombination to the ground state. This
significant chiral recognition in a polar environment was
explained by the adsorption of the quencher on the protein
surface, leading to different electronic coupling for the two
quencher enantiomers. Similarly, significant stereoselectivity
was observed for the formation of chiral AD complexes.”®*”
However, to the best of our knowledge, the charge-transfer
dynamics of such complexes upon photoexcitation has not
been investigated so far. Chiral recognition involving complex
formation through H-bond interactions is also exploited for
fluorescence sensing of chiral analytes. In this case, binding to
the analyte suppresses intramolecular ET in the photoexcited
sensor, which becomes highly fluorescent.?*°

In the absence of a ground-state complex, observation of
chiral recognition in bimolecular ET is complicated by the
presence of the diffusion step, which is not sensitive to chirality,
at least in an achiral environment. Because of this, the ET
quenching should not be in the diffusion-controlled regime. This
problem can be circumvented by considering that, directly after
excitation, quenching is mostly static and occurs first in reactant
pairs at distances and with mutual orientations enabling ET
without significant diffusion.*’™* Previous studies of chirality
effects in photoinduced bimolecular ET were performed using
stationary fluorescence quenching or ns and slower time-resolved
spectroscopy and were, thus, not sensitive to this static stage of
the quenching.

Herein, we present our investigation of the occurrence of
chiral recognition in photoinduced ET in polar environments
using ultrafast spectroscopy, concentrating on the early stage of
quenching. We tested several cationic hexahelicenes as electron
acceptors and chromophores as well as potential chiral donors,
with either stereocentered or axial chirality (Fig. S1, ESIt).
Detailed studies were then performed with AD pairs exhibiting
efficient quenching without follow-up reactions (Fig. 1). Our results
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Fig. 1 Chiral electron acceptors and donors, with only one enantiomer shown.
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reveal that the ET quenching dynamics is indeed non-exponential
and takes place on timescales ranging from less than a ps to a
few ns. However, these dynamics are the same for different
diastereomeric AD pairs, for all the systems investigated.
Furthermore, our measurements point to identical recom-
bination dynamics of the ET quenching product. Molecular
dynamics simulations were also carried out to better under-
stand this absence of chiral recognition, even in the static stage
of quenching. They suggest that encounters resulting in a large
coupling occur for all diastereomeric reactant pairs.

2 Experimental
2.1 Samples

The cationic dioxa 1 and azaoxa 2 [6]helicenes were synthesised
with BF,~ as the counterion according to ref. 35. Their enantio-
mers were isolated through chiral stationary phase HPLC
resolution.*® The electron donors, p- and ri-tryptophan (p-Trp,
99% Acros Organics, 1-Trp, 99% Fluka), (+)- and (—)1,1’-bi-2-
naphthol (+)-(—)-BINOL, (99%, Alfa Aesar), L-proline (Pro, 99%,
Sigma-Aldrich) and as well as the solvents, water (deionised,
Sigma-Aldrich), acetonitrile (ACN, for spectroscopy, Acros
Organics), ethanol (EtOH, Acroseal, Acros Organics), dichloro-
methane (DCM, Rotidry Sept, Carl Roth), and tetrahydrofuran
(THF, for spectroscopy, Sigma-Aldrich) were of the highest
purity commercially available and were used as received.
N,N-Dimethyl-1-phenylethylamine (DMPEA, Sigma-Aldrich)
was distilled before use.

2.2 Spectroscopy

The stationary electronic absorption spectra and the circular
dichroism spectra were recorded using a Cary 50 and a JASCO
J-815 spectrometer. Fluorescence spectra were recorded using a
Horiba Fluoromax 4 fluorometer and were corrected using a set
of secondary emission standards.?”

Fluorescence dynamics on the nanosecond time scale was
measured using a time-correlated single photon counting
(TCSPC) setup described in detail previously.*® Excitation was
performed at 469 nm using 60 ps pulses at 10 MHz produced by
a laser diode (Picoquant, LDH-PC-470). The full width at half
maximum (FWHM) of the instrument response function (IRF)
was around 200 ps. Faster dynamics was investigated by
fluorescence up-conversion using the setup described in ref. 39.
Excitation was performed at 450 nm using 100 fs pulses
produced by frequency doubling the output of a Ti:Sapphire
oscillator (Spectra-Physics, Mai Tai). The pump irradiance on
the sample was around 5 pJ cm 2, and the FWHM of the IRF
was ca. 200 fs. The sample solutions were located in a 0.4 mm
rotating cell and had an absorbance of about 0.1 at the
excitation wavelength.

Electronic transient absorption (TA) spectra were recorded
with the setup described in ref. 40 and 41. In brief, 35 fs pulses
centred at 800 nm at a repetition rate of 5 kHz were produced
using an amplified Ti:Sapphire system (Solstice Ace, Spectra-
Physics). A fraction of this output fed a TOPAS-Prime combined
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with a NirUvis module (Light Conversion) producing tunable
pump pulses with an irradiance of 0.15-0.75 mJ cm ™2 at the
sample position. Probing was achieved at magic angle using
white-light pulses generated in a 3 mm CaF, plate. The sample
pathlength was 1 mm and the IRF had an FWHM varying
between 80 and 250 fs depending on the probe wavelength.

2.3 Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out using
GROMACS 2021.2.*> The optimised structure of both enantio-
mers of 1, Trp and BINOL, was determined from quantum-
chemical calculations at the DFT level (B3LYP/6-31G+d)*? using
Gaussian 16.** The same topology file was used for the two
enantiomers of a given molecule. They were generated using
the Antechamber Python parser interface (ACPYPE)*® with the
OPLS-AA force field.*® The force field parameters for the dihedral
angle of BINOL were determined from DFT calculations. The
atomic charges were determined from CHELPG fits of the
electrostatic potential obtained from the quantum-chemical
calculations.?” The TIP3P model was used for water,*® whereas
for the other solvents, the GAFF-ESP-2018 force field was
used.*® A periodic cubic box (5 x 5 x 5 nm?®) was used for the
simulations, which were performed at constant pressure
(1 atm) and temperature (295 K) with 2 fs steps for 50 ns.
Further details on the simulation parameters can be found in
the ESIT (Section S6).

3 Results

3.1 Stationary spectroscopy: selection of the AD pairs

As chiral chromophores and potential electron acceptors, we
selected the cationic dioxa and azaoxa [6]helicenes (1-2, Fig. 1),
whose electronic absorption, emission and CD spectra are
illustrated in Fig. 2 and Fig. S2 (ESIt). As possible electron
donors, we chose the amino acids tryptophan (Trp) and proline
(Pro), as well as a chiral aromatic amine, N,N-dimethyl-1-
phenylethylamine (DMPEA), and 1,1’-bi-2-naphthol (BINOL). The
ET driving force, —AGgr, estimated from the Weller equation,*® for
the different AD pairs is listed in Table S1 (ESIt). Occurrence
of quenching was determined using stationary fluorescence
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Fig. 2 Stationary electronic absorption and emission spectra measured
with dioxa 1 and azaoxa 2 [6]helicenes in acetonitrile.
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and/or TCSPC measurements using the chromophores in the
racemic form.

Trp was found to quench both 1 and 2 in water/ACN
mixtures. No quenching could be observed with Pro in water,
despite a favourable driving force estimated from the Weller
equation for 1. This discrepancy could arise from the uncer-
tainty on the oxidation potential of Pro as well as the possible
difference of potential for 1 in water compared to ACN.>" On the
other hand, DMPEA quenched efficiently 1 and 2 in ACN, but
rapid photodegradation was found after TCSPC experiments.
Finally, BINOL was also found to quench the fluorescence of 1
and 2 in ACN. In the medium polar DCM, however, efficient
quenching was only observed with 1. No new emission band,
that could be assigned to an exciplex, was observed. Based on
these results, the helicenes 1 and 2 as well as Trp and BINOL
were selected for detailed measurements.

3.2 Time-resolved fluorescence measurements of the
quenching dynamics

Fig. 3 depicts Stern-Volmer (SV) plots obtained from stationary
and ns-resolved measurements of the fluorescence of (rac)-1
and (—)-(M)-1 in the presence of L-Trp in a 50:50 (v/v) water/
ACN mixture. This solvent mixture was chosen to favour
sufficient solubility of both the helicenes and Trp. The SV plots
obtained from the fluorescence lifetimes are linear, and their
slopes, 17.0 + 0.2 and 17.1 £ 0.2 M~ " for (rac)-1 and (—)-1, are
identical within the limit of error. Given the fluorescence
lifetime of 2.3 ns in the absence of a quencher (Fig. S3, ESIf),
these values correspond to a quenching rate constant of 7.4 x
10° M~ ' s, This is close to the diffusion limit, which can be
estimated to be 9 x 10° M™" s~ " considering the viscosity of this
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Fig. 3 Stern—Volmer plots obtained from stationary (A) and time-resolved
(B) measurements of the fluorescence quenching of (rac)-1 and (—)-1 by
L-Trp in a 50:50 (v/v) water/ACN mixture. The dashed line in panel (A) is
the best linear fit of the data with (rac)-1 shown in panel (B).
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solvent mixture.”> By contrast, the SV plots obtained from
stationary measurements are not linear. At the highest Trp
concentration, the decrease of fluorescence intensity is more
than twice as large as the decrease of lifetime. This difference
points to the presence of fast decay components, which are not
resolved with the TCSPC setup and can be attributed to the
static and transient stages of the quenching.’” In this case
again, no significant difference between (rac)-1 and (—)-1 can be
detected.

The fluorescence dynamics at 610 nm of the two enantio-
mers of 1 in water/ACN are, as expected, identical within the
limit of error, the data with (+)-(P)-1 being illustrated in Fig. 4A.
They exhibit a partial decay within the first 5 ps and a slower
one on the ns timescale, in agreement with the 2.3 ns lifetime
of 1 in this solvent mixture. This initial decay can be attributed
to vibrational and/or solvent relaxation.’® Fig. 4A also depicts
time profiles measured in the same conditions with the two
enantiomers of 1 and 50 mM t-Trp. Their decay is significantly
accelerated compared to those without Trp. To better evidence
the effect of Trp, the time-dependent fluorescence intensity
with Trp, Io(t), was divided by that without quencher, I,(t), to
obtain the pure quenching dynamics, R(t) = Io(¢)/Io(t). As illu-
strated in Fig. 4B, the pure quenching dynamics are the same
within the limit of error for both enantiomers, pointing to an
absence of significant stereoselectivity. These results confirm
the presence of short fluorescence decay components that are
too fast to be resolved by TCSPC.

These dynamics are strongly non-exponential and their
quantitative analysis requires the use of proper theoretical
approaches, such as the differential encounter theory (DET),**>*
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Fig. 4 (A) Time evolution of the fluorescence intensity at 610 nm upon

450 nm excitation of (+)-1 alone and of the two enantiomers of 1 with
0.05 M L-Trp in 50 : 50 (v/v) water/ACN. (B) Pure quenching dynamics, R(t),
obtained from the data in panel (A). The time axis is linear up to 10 ps and
logarithmic afterwards.
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that take into account the time dependence of the reactant-pairs
distribution, and hence the time dependence of the quenching
rate. However, to be insightful, these models require precise
knowledge of a large number of parameters, such as the driving
force, the reorganisation energy or the diffusion constants, that
are not readily available for the AD pairs and solvent mixtures
investigated here. However, chiral recognition in bimolecular
photoinduced ET can be identified without applying such models.
Instead, a multiexponential analysis of the R(f) profiles was
performed in order to have a measure of the quenching time-
scales and of the amplitude of its static stage. The sum of not less
than three exponential functions was required to properly repro-
duce these dynamics, with a time constant close to the ~200 fs
IRF, another around 20 ps and a third larger than 2 ns. The slow
component, with a relative amplitude of about 0.85, reflects the
dynamic quenching, for which no chiral effect is expected. The
two faster components can be associated with the static and
transient stages of the quenching. However, because of their
relatively small amplitude, the presence of a weak stereoselectivity
cannot be totally ruled out.

Despite the limited solubility of the helicenes, fluorescence
up-conversion measurements could also be carried out in pure
water. As illustrated in Fig. 5A with the quenching of (—)-1, the
amplitude of the fast decay components of R(¢) is significantly
larger than in water/ACN. Despite this, no significant difference
between - and p-Trp could be observed (Fig. 5A). Multiexpo-
nential analysis reveals that about 40% of the amplitude of R(¢)
decays within the IRF. Subsequently, about 13% of the ampli-
tude decays in 5 £ 1 ps and, finally, the diffusion-controlled
regime takes place on the ns timescale.

The limited IRF of the experiment does not allow the detection
of stereoselectivity in the fastest quenching component of 1 by
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Fig. 5 Pure quenching dynamics of the fluorescence of 1 (A) and 2 (B) by
0.05 M Trp in water after 450 nm excitation. The time axis is linear up to
3 ps and logarithmic afterwards.
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Trp. To try slowing down the dynamics, we repeated the measure-
ment with azaoxa helicene 2, which is a weaker acceptor than 1
(Table S1, ESIY). Fig. 5B reveals that with this fluorophore, about
75% of the quenching occurs before the stationary diffusion-
assisted regime becomes operative. This is probably due to
the reduced solubility of 2 in water that favours association with
Trp through dispersion interactions and hydrophobic effects.
In agreement with a smaller ET driving force, the fastest quench-
ing component is slower than with 1 and is associated with a
750 fs time constant for both diastereomeric AD pairs, well above
the IRF. A slower, 7-8 ps component with a smaller relative
amplitude is also present, additionally to the ns diffusion-
controlled component. In this case again, no significant stereo-
selectivity can be detected.

This absence of chiral recognition observed with these
cationic [6]helicenes and Trp in water and a water/ACN mixture
is consistent with previous studies where no stereoselectivity
was detected in a polar environment.*>* As discussed below,
one could also argue that the stereogenic centre of Trp is far
from the aromatic ring and does not contribute much to the
electronic coupling with the helicene acceptors. Therefore,
trying to increase the probability to observe a chiral effect, we
changed the quencher to BINOL, which possesses axial chirality
and a better-defined C,-symmetry conformational environment,
and we decreased the solvent polarity by using DCM and THF.
Fig. 6 shows time profiles of the fluorescence intensity measured
with the two enantiomers of 1 alone and with 0.15 M of the either
enantiomer of BINOL in DCM, whereas the pure quenching
dynamics are presented in Fig. S4 (ESIt). It should first be noted
that the fluorescence lifetime of 1 in DCM of 10.8 ns is markedly
larger than that of 2.3 ns in water/ACN (Fig. S3, ESIt). Similar
solvent dependence was also observed with the parent cationic
diaza [4]helicene® and was attributed to hydrogen-bond induced
non-radiative decay.>*® However, given the long wavelength
emission of these dyes, quenching by energy transfer to water
could also contribute to this lifetime shortening.>”

Coming back to the ET quenching, Fig. 6 points to an
absence of significant stereoselectivity with this AD pair as
well, despite the axial chirality of the quencher and the lower
solvent polarity. About 40% of the intensity decays with 3 and

Fluorescence

Time delay / ps

Fig. 6 Time evolution of the fluorescence intensity at 610 nm upon
450 nm excitation of the two enantiomers of 1 alone and with 0.15 M of
either enantiomer of BINOL in DCM. The time axis is linear up to 10 ps and
logarithmic afterward.
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x50 ps time constants, well within the time resolution of the
experiment. The signal-to-noise ratio of the data in THF was
lower because of the inferior solubility of 1. As illustrated in
Fig. S5 (ESIt), the R(¢) profiles measured with the four combi-
nations of A and D enantiomers are the same within the limit of
error and are similar to those in DCM.

3.3 Transient absorption measurements of the recombination
dynamics

ET quenching of the cationic [6]helicenes by Trp and BINOL
should result in the formation of the neutral [6]helicene
radicals and the radical cation of the quenchers. After their
formation, these radical pairs can either undergo geminate
recombination or diffuse apart to free radicals, which then
recombine on the microsecond timescale.>® The latter process
is diffusion controlled and is, thus, not expected to depend on
the chirality of the radicals. By contrast, geminate recombina-
tion does not involve significant diffusion and might thus
exhibit stereoselectivity. To test this, we performed transient
absorption (TA) measurements with 1 and both Trp and BINOL
in various environments. Because of the limited solubility of 1
in water, TA measurements with Trp were done in 90:10 (v/v)
water/ACN and 60 :40 (v/v) water/ethanol mixtures. The second
mixture was selected to try slowing down the charge-transfer
dynamics, because of the lower polarity and slower relaxation
dynamics of EtOH.”®

The TA spectra recorded upon 470 or 530 nm excitation of 1
alone in both solvent mixtures are dominated by a negative
band in the 700-510 nm region, which can be attributed to the
S; — S, stimulated emission and the bleach of the S; « S,
absorption (Fig. 7B). Another negative band centered at 450 nm
due to the bleach of the S, « S, absorption and two positive
features that can be assigned to S,, < S, excited-state absorp-
tion (ESA) are also visible. These spectra exhibit small initial
dynamics, which can be attributed to vibrational/solvent relaxa-
tion, before decaying on the ns timescale, in agreement with
the fluorescence lifetime. In the presence of 50 mM Trp, all
these features lose more than 50% of their intensity within the
first few ps, before decaying on the ns timescale (Fig. 7A).
To better appreciate the spectral changes, global analysis was
performed assuming a series of successive exponential steps
(Fig. 7B). The resulting evolution-associated difference spectra
(EADS) cannot be necessarily assigned to a given species/state
but allow for a visualisation of the spectral changes and their
timescale.’®®® As shown in Fig. S6 (ESIt), the EADS and time
constants obtained from the analysis of the TA data measured
with (—)-1 and 50 mM Trp are the same within the limit of error
for both p- and 1-Trp enantiomers, pointing to an absence of
chiral effect on the observed dynamics in both solvent mix-
tures. Comparison of EADS A and B reveals significant intensity
decay in the stimulated-emission region that can be interpreted
as an ultrafast quenching component of the excited state. In the
440-350 nm ESA region, differences compared to the spectra
without quencher can also be observed. The red side of this
band is more intense in the presence of Trp. This difference is
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Fig. 7 (A) Transient absorption spectra recorded upon 470 nm excitation

of (—)-1 with 50 mM -Trp in 60:40 (v/v) water/ethanol and negative
stationary absorption spectrum. (B) Evolution-associated difference
spectra (EADS) and time constants obtained from a global analysis of the
same data assuming four successive exponential steps (A - B - C —
D —). Because of the larger IRF at a shorter wavelength, the shape of EADS
A below 420 nm should be considered with caution. A transient absorption
spectrum recorded with (—)-1 alone is also shown for comparison.

no longer present in EADS C and D, where this band is similar
to that measured without quencher.

This spectral evolution with Trp can be interpreted as follows:
the ultrafast, ~100 fs, decay component in the stimulated-
emission region (EADS A — B), is due to static quenching and
produces the neutral [6]helicene radical as well as Trp radical
cation, Trp*'. The enhanced absorption around 400 nm is attrib-
uted to the dioxa helicene radical because it is also observed with
BINOL, as discussed below. Moreover, Trp®" is known to absorb
in the 650-500 nm range, in the same region as the S; « S,
absorption of 1.°* However, its small absorption coefficient
relative to 1, i.e. 2700 vs. 16000 M~ " em™*,°"°! makes its presence
difficult to detect here. Consequently, the concurrent decays of
the 440-350 nm ESA band and of the 550 nm bleach, visible in the
transition from EADS B to C, mostly reflect the geminate recom-
bination of the radical pair and the recovery of the ground-state
population of 1. According to the global analysis (Fig. S6, ESIt),
this process occurs on the sub-ps timescale (~0.8 ps) in water/
ACN, and is, as expected, significantly slower in water/EtOH
(~1.2 ps). Like the ET quenching, the recombination dynamics
cannot be described using a simple exponential model.5>
Its analysis requires accounting for the intrinsically non-
Markovian nature of this process. Indeed, the recombination
dynamics depend on the radical pair distribution, which is itself
determined by the preceding quenching process. All these aspects
are accounted for in the integral encounter theory (IET) and
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equivalent models.****** However, in this case again, to be
insightful their application requires knowledge of a large number
of parameters which are not readily available for the AD pairs and
solvent mixtures used here. However, the analysis performed
here, although not appropriate for obtaining a quantitative
description of the quenching and recombination dynamics, gives
access to the timescales on which these processes take place and,
more importantly, allows for the detection of a possible stereo-
selectivity. Whereas the spectral evolution visible by going from
EADS A to C is mostly due to the static quenching and the
recombination of the ensuing radical pairs, the subsequent
C —» D — steps mainly reflect the slower dynamic quenching.
The absence of any feature of the radical pair product in EADS C
and D is consistent with the recombination being much faster
than the quenching itself. Once generated upon dynamic quench-
ing, the radical pairs most probably recombine efficiently without
major diffusive motion.

Consequently, these TA results not only confirm the absence
of significant stereoselectivity in the quenching dynamics of 1
by Trp but also reveal that chirality does not influence the
recombination dynamics as well. Given the high signal-to-noise
ratio of the TA data, a stereodifferentiation in the overall
dynamics larger than 1.05 can be excluded.

TA measurements were also carried out with BINOL as the
electron donor in both ACN and DCM. As illustrated in Fig. S7
(ESIt), the transient spectra in ACN are essentially the same as
those measured without a quencher except for the dynamics
and do not present any feature of the quenching product. This
implies that recombination occurs faster than the photoin-
duced ET, even for those radical pairs generated during the
fastest stages of quenching. This suggests that these pairs
recombine on a sub-ps timescale. This is consistent with the
recombination timescales found above with Trp in the water/
ACN mixture. The EADS and time constants obtained from
global analysis with (+)- and (—)-BINOL coincide almost per-
fectly, confirming the absence of a chiral effect for the quench-
ing dynamics. As recombination is much faster than quenching
and cannot be resolved here, some stereoselectivity in recom-
bination can not be totally ruled out.

The recombination dynamics is markedly slowed down
when going to the medium polar DCM but do not depend on
the chirality of the reactants (Fig. S8, ESIt). As shown in Fig. 84,
C and Fig. S8 (ESIt), the shape of the 440-350 nm ESA band
changes with time, with the maximum shifting to about
400 nm, indicative of the presence of the neutral radical of 1.
Unfortunately, the absorption spectrum of this radical does not
differ sufficiently from that of the S; state of 1 to allow
disentangling of the quenching and recombination dynamics.
The observation of quenching product features indicates that
recombination is no longer much faster than the early stage of
quenching, as also found with Trp. This is confirmed by
comparing the time evolution of the TA intensity in the
stimulated-emission and the ground-state-bleach regions
(Fig. 8B). The decay of the stimulated emission during the first
100 ps is significantly faster than the ground-state recovery.
Consequently, the fact that the TA dynamics measured with two
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Fig. 8 (A) Transient absorption spectra recorded upon 470 nm excitation

of (+)-1 with 150 mM (-)-BINOL in DCM. (B) Time evolution of the
transient absorption in the stimulated emission and ground-state bleach
regions and (C) in the band below 420 nm (dashed lines in panel A).

1/BINOL diastereomeric pairs in DCM is exactly the same
(Fig. S8, ESIT) points to an absence of significant chiral recog-
nition for both the photoinduced ET and the subsequent
recombination.

4 Discussion and MD simulations

All these results point to an absence of significant stereo-
selectivity in bimolecular photoinduced ET and in the subse-
quent recombination in high and medium polarity solvents.
The previous studies were mainly measuring the dynamic stage
of quenching, which is strongly influenced by the diffusion of
the reactants. In these cases, stereoselectivity in the intrinsic
ET step can be hidden, at least partially, by the chirality-
independent diffusion step. Here, we could resolve the initial,
static, stage of quenching where diffusion does not play a
significant role.

According to Marcus ET theory,®® the only parameter that is
affected by the chirality of the reactants is the electronic
coupling, V, which depends on their distance and mutual
orientation. The absence of significant stereoselectivity found
here with all AD pairs points to a similar electronic coupling for
diastereomeric reactant pairs. MD simulations were performed
to gain a better insight into how chirality affects the mutual
orientation and distance between 1 and the quenchers. The
results with (—)-1 and both Trp enantiomers in pure water
reveal that, as soon as the two reactants collide, they remain in
close contact over the whole 50 ns simulations. Histograms of
the minimum distance between any pair of atoms of the two
molecules, rmin, as well as the centre-of-mass distance, r.om, are
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Fig. 9 (A) Histograms of the minimum AD distance obtained from 50 ns
MD trajectories of (—)-1 and Trp in water. (B) Snapshots from MD simula-
tions of the two diastereomeric pairs with a centre of mass distance of
0.5 nm (top (left) and side views (right)).

presented in Fig. 9A and Fig. S9 (ESIt) together with plots of the
radial distribution function, g(r). All of them indicate that the
distribution of distances is very similar for both Trp enantio-
mers. This result implies that the 1/Trp pairs experience very
similar interaction energy independently of their chirality.
Fig. 9B depicts snapshots of two diastereomeric pairs with
Teom = 0.5 nm. In both cases, the indol rings of Trp adopt a
n-stack configuration with the central rings of the helicene. The
electronic coupling for the photoinduced ET depends on the
overlap of the HOMOs of both A and D. As illustrated in Fig. S10
(ESIY), the HOMO of 1 is delocalised over the whole molecule.
The situation differs for Trp, whose HOMO is almost entirely
localised on the aromatic systems. Given the small size of the
indol rings relatively to 1, large coupling for the ET can be
realised with a large distribution of mutual orientations. As the
stereogenic centre of Trp is relatively far from the aromatic
system and has negligible HOMO amplitude, it does not con-
tribute significantly to the electronic coupling. These results fully
supported the absence of stereoselectivity found experimentally.
The situation for the recombination of the radical-pair
product is not expected to differ much. As 1 is a closed-shell
cation, ET with a neutral donor produces its neutral radical and
the radical cation of the donor. Consequently, the Coulombic
interactions between the reaction partners should not change
significantly upon ET. Moreover, given the ultrashort timescale
on which recombination takes place, this process should occur
at essentially the same geometry as that for the initial ET step.
However, contrary to the photoinduced ET, the electronic
coupling for the recombination depends on the overlap of the
acceptor LUMO with the donor HOMO. As shown in Fig. S10
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(ESIT), the LUMO of 1 is also delocalized over the whole
molecule. Consequently, large electronic coupling for recombi-
nation can be achieved independently of the chirality of the
reactants.

MD simulations were also carried out with BINOL in ACN
and THF, the least polar solvent used in this study. Simulations
in ACN with a single BINOL molecule in the box pointed to
relatively rare close contacts with 1 (Fig. S11, ESIT). Simulations
were then carried out with 11 BINOL molecules in the ACN box,
corresponding to a quencher concentration of 0.15 M. The
radial distribution functions determined from 50 ns simula-
tions of diastereomeric AD pairs are qualitatively similar, with a
major peak at a centre-of-mass distance of 0.8 nm and a smaller
one close to 0.5 nm (Fig. S12, ESIt). Thus, chirality is not
predicted to have a significant effect on the distribution of AD
distances, hence on the interaction energy. As the molecular
orbitals involved in both the photoinduced ET and the recom-
bination steps are delocalised over the whole aromatic systems
of both A and D (Fig. S10, ESIt), chirality should likewise not
have a significant influence on the electronic coupling.

Contrary to ACN, simulations with a single quencher mole-
cule in THF show that, once the reactants are in contact, they
remain close together during the rest of the trajectory. Fig. 10A
and Fig. S13 (ESIt) depict the histograms of 7y, and reom for
two diastereomeric AD pairs. The differences between these
histograms are of the same order of magnitude as those
observed between histograms constructed from two different
50 ns simulations with the same diastereomer. Fig. 10B shows

- A
i (-)-1/(=)-BINOL ]
B I (-)-1/(+)-BINOL 7
z .
|||| ||Immm|||||||||||l||||.||..
0.2 0.3 0.4 0.5 0.6 0.7
Fmin / NM
‘ B
F&i) "~ (9-1/(-)}BINOL
‘t ) (—)-1/(+)-BINOL
)
Y
Fig. 10 (A) Histograms of the minimum inter-reactant distance obtained

from 50 ns MD trajectories of (—)-1 and one BINOL molecule in THF.
(B) Snapshots from MD simulations of two diastereomeric pairs with a
centre of a mass distance of 0.55 nm (top (left) and side views (right)).
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snapshots extracted from the simulations with a center-of-mass
distance of 0.55 nm. They point to n stacking between one
naphthol group of BINOL and the helicene. Such a mutual
orientation can be realised independently of the chirality of the
reactants. In this case again, the simulations support the
absence of stereoselectivity observed experimentally.

The dramatic solvent dependence of the distribution of AD
distances can be attributed to the BF,~ counter-ion. According
to simulations in ACN in the absence of BINOL, the cationic
helicene and BF, are not often in contact, as expected from
the favourable solvation energy in polar media and the efficient
dielectric screening of the Coulombic interaction. Simulations
in the medium polar THF reveal that BF,~ has a much higher
probability to be found in contact with the cation (Fig. S14,
ESIT). In the presence of quencher, BF,” tends to bind to
BINOL via H-bond interactions. This can be seen in Fig. 10B,
where the anion is bound to one or both hydroxyl groups of
BINOL. This binding and the stronger Coulombic interaction
in THF favour close contact between the cationic helicene
and BINOL. In ACN, this binding is also operative, although
apparently less efficient. In any case, close contact between the
BINOLcBF,  complex and the cationic helicene is disfavoured
in ACN because it results in a smaller solvation energy.

The absence of stereoselectivity in polar solvents, ACN and
water, is consistent with previous studies based on stationary
quenching experiments.”'>* However, the occurrence of long-
distance ET, which was proposed to explain this result, cannot
be invoked here, because static quenching in highly coupled
reactant pairs could be unambiguously identified. According to
a recent investigation based on MD simulations and quantum-
chemical calculations,®® the electronic coupling for bimolecu-
lar photoinduced ET between aromatic reactants is typically of
the order of 0.1 to 0.3 eV up to a minimum AD distance
of 0.3 nm. The same order of magnitude can be expected for
the AD pairs investigated here. With such a large electronic
coupling, ET can no longer be considered as a non-adiabatic
process, where the ET probability depends on the square
modulus of the coupling.®® As initially suggested by Tachiya
and coworkers®”®® and supported by more recent investi-
gations,*®*>’® ET in such highly-coupled reactant pairs is an
adiabatic process, and, thus, cannot be discussed in terms of
Marcus ET theory. In these cases, the reactant pair should
rather be viewed as a ‘supermolecule’. Photoinduced ET is
equivalent to an internal conversion from a locally-excited state
to a charge-transfer state and recombination to an internal
conversion to the ground state. Here, the ET dynamics is mostly
controlled by the reorganisation of intramolecular modes and
depend only weakly on the solvent.

5 Conclusions

By using a combination of ultrafast time-resolved fluorescence
and transient electronic absorption spectroscopy, we could
investigate the effect of chirality on the initial stage of the ET
quenching dynamics and on the ensuing recombination, where
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the influence of diffusion is minimal. Our results with a helical
acceptor fluorophore and quenchers with either stereocentered
or axial chirality did not evidence any stereoselectivity, neither
for the photoinduced ET step nor for the recombination step.
Contrary to many bimolecular reactions like, e.g., proton trans-
fer, ET does not require a very specific orientation to occur. This
is particularly the case for aromatics, where significant electro-
nic coupling is possible in a broad range of orientations. Our
MD simulations suggest that close contact between the reac-
tants, hence high coupling, can be easily realised indepen-
dently of the chirality of the reactants. Even if present, small
stereoselectivity in the electronic coupling, which could not be
identified in the MD simulations, is not expected to result in
significant chiral recognition, because ET in such highly
coupled reactants is an adiabatic process, whose dynamics is
mostly controlled by high-frequency modes and no longer
depends on the coupling itself.

One can anticipate that the AD pairs investigated here would
exhibit significant chiral recognition if they were connected via
a linker, which would inhibit to close a distance, keeping ET in
the non-adiabatic regime, and would narrow the distribution of
mutual orientations.

The results obtained here should be quite general. Stereo-
selectivity in bimolecular ET might be relevant with specific
reactant pairs, such as a pair of helical molecules of similar
size, or non-aromatic donors and acceptors with the reactive
sites localised on the stereogenic centres.
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