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ABSTRACT

Ns-substituted reduced flavins are pivotal and yet underexplored intermediates in flavoenzyme
catalysis, which hold untapped potential for advancing enzymatic and catalytic processes. Here, we
combine steady-state and ultrafast transient absorption spectroscopy with DFT/TDDFT simulations to
explore the structural and electronic dynamics of several non-fluorescent anionic reduced flavin
derivatives involved in flavoenzyme processes. Unlike the broad, featureless absorption spectrum of
FADH", Ns-substituted flavins exhibit distinct blue-shifted absorption bands at 330 nm or 370 nm,
reflecting substantial electronic reorganization. Our theoretical results challenge the conventional
view that isoalloxazine ring bending along the Ns-Nio axis governs the absorption properties of the
molecule, and demonstrate instead that HOMO orbital stabilization is the critical factor. Ultrafast
spectroscopy reveals transient absorption bands above 450 nm, corresponding to different
isoalloxazine bend conformations, which converge into a single band at ~500 nm within tens of
picoseconds. This evolution is assigned to a rapid structural relaxation toward a more planar
configuration. Along this path the system relaxes to the ground state through a conical intersection
(Cl) whose position is modulated by the nature of the Ns substituent. These findings fundamentally

reshape our understanding of flavin photophysics.



1. INTRODUCTION

Flavin adenine dinucleotide (FAD, compound 1 in Fig. 1) is the biological cofactor of a large
number of flavoproteins. It is involved in a plethora of chemical reactions such as electron, proton,
hydride, oxo or methylene transfer, which makes it one of the most versatile bioorganic catalysts.
The origin of this versatility lies in the unique ability of the isoalloxazine moiety to (i) exist under
three readily accessible redox forms (oxidized, semi-reduced and fully reduced) and associated
protonation states and to (ii) undergo electronic excitation upon irradiation by visible light.®® This
photophysical feature gives rise to original photoinduced reactivities such as those observed in
several blue-light photoreceptors,'® DNA repair catalyzed by photolyases,'! or photodecarboxylation
of free fatty acids.?

Unlike other redox forms, the fully reduced flavin has a distinctive non-planar isoalloxazine.!32*
This structural feature seems to have an important functional role depending on the enzyme
systems.? The isoalloxazine bending occurs along the Ns-Nio short axis, with a bend angle lying
between ca. 8° and 28° (depending on the source and protonation state) and strongly affected by the
environment of the molecule.’*?* Some lower values (ca. 2-18°) have been reported inside reduced

flavoproteins,?%28

which suggests that flavoproteins have the ability to modulate the isoalloxazine
bending for functional purposes. The energy barrier for ring inversion along the bending coordinate,
commonly referred to as butterfly motion, has indeed been estimated to be relatively low (2-4.8
kcal/mol) in different reduced flavins.2*18 |n addition to X-ray crystallography, methods like NMR
spectroscopy and theoretical calculations provide valuable insights into the ground-state
conformation of flavins. Meanwhile, ultrafast spectroscopy offers detailed information about the
butterfly motion dynamics in the excited state, revealing how environmental constraints, particularly
in flavoproteins, influence isoalloxazine behavior. For example, while the excited state of FADH™in
solution is very short-lived (multiexponential decay with average decay time constant in the range of
8-25 ps),8%°3 it becomes much slower (0.6-3 ns) when the flavin is imbedded in a rigid protein
environment.®*! The butterfly coordinate has been invoked to explain the rapid excited-state decay
of FADH™ in solution. Continuous motion along this coordinate in the excited state has been
proposed to lead to a conical intersection (Cl) with the ground state, where deactivation occurs.* In
the environment of rigid flavoproteins (e.g. photolyase, cryptochrome) this motion is strongly
hindered, thereby explaining the much enhanced excited-state lifetime.? Intermediate lifetimes
(tens to hundreds of ps) were recently reported by Dozova et al.3* using thymidylate synthase
ThyX,*** in the presence or absence of its folate and dUMP substrates, to modulate steric hindrance
in the flavin environment. The observed behavior is in qualitative agreement with the butterfly-

motion mechanism. However, when FADH™ is sandwiched between the folate and dUMP substrates,



the excited-state decay of FADH™is surprisingly faster than with only one of the substrates. It was
suggested that the environment might not only affect the dynamics along the excited state surface
but also alter the geometry of the Cl itself and, consequently, the amount of deformation needed to
reach it. Little is yet known about the actual configuration of the Cl, possibly highly distorted
according to a couple theoretical calculations.*** When suitably stabilized in a constrained
environment, excited FADH™ may on the other hand act as a reductant, as in the DNA repair
mechanism of photolyases, where photoinduced electron transfer to the DNA lesion initiates the
repair process.*®4

Ns-substituted reduced flavins form a group of much less studied compounds even though they
are known to be involved in the catalytic cycle of a number of flavoenzymes,**>® or produced by
flavoenzyme inhibitors.>® The time-resolved photophysical behavior of these compounds has not yet
been investigated, to the best of our knowledge. In the present work, we aim at filling this gap and
focus on two Ns-substituted derivatives of FADH™ acting as a methylene donor in two
methyltransferases, namely the aforementioned ThyX**® and TrmFO,>*®° a bacterial flavin-
dependent tRNA methyltransferase. Crystallographic evidence suggests that the "butterfly
movement" of flavin is a critical mechanism, enabling the controlled, unidirectional transfer of
activated methylene groups between the initial carbon donor (folate) and the acceptor substrate
(dUMP or tRNA).3* Moreover, during the carbon transfer reaction of ThyX, a transient flavin
carbinolamine intermediate (compound 2 in Fig. 1) plays an essential enzymatic role, facilitating the
transfer from folate to dUMP.5! In contrast, TrmFO has been shown to form a covalently-bound
thioester intermediate, in which reduced FAD is linked to an active site cysteine residue. A simplified
mimic of this adduct, where the cysteine is replaced with a thiomethyl group, is represented by
compound 3 in Fig. 1 (with the actual TrmFO adduct denoted as 30). Here, we present an exhaustive
spectroscopic, dynamical and theoretical characterization of these enzyme intermediates (2 and 3).
To further explore the reduced FAD environment, we synthesized and analyzed two additional
derivatives, compounds 4 and 5, which feature modifications of the Ns substituent of compound 3,
with nitrile and phenyl moieties replacing the terminal methyl group, respectively (see Fig. 1). The
electronic structures, photophysics and dynamics of these compounds were investigated by steady-
state UV-vis absorption and femtosecond transient absorption spectroscopy in aqueous solution.
Additionally, we employed DFT and TDDFT calculations to model their ground- and excited-state
structures, optical transitions, and UV-vis absorption spectra, using lumiflavin analogs (R = CHs in Fig.

1, denoted as 1', 2', and 3') embedded in an explicit agueous environment.



2. MATERIALS AND METHODS

2.1. Samples preparation

Since the adducts 2-5 are quickly oxidized in the presence of O, (like reduced FAD 1), all
experiments were performed under anaerobic conditions.

Of note, compounds 2 and 3 were previously synthesized using a previously published
protocol.®%6! Their structures were confirmed by mass spectrometry, UV/Visible spectroscopy, and X-
ray crystallography.®®%! The other related compounds were obtained using a similar protocol. Briefly,
Compound 1 (FADH") was used as a starting building block of all Ns adducts. It was prepared by
reducing FAD.x (Sigma-Aldrich) in phosphate buffer (0.1 M) at pH 8, adding stoichiometric quantities
of sodium dithionite.>3%° Steady-state absorption spectroscopy (Cary 300, Varian) was used to
monitor the titration and stop the reaction at the equivalence point.

Compound 2 was synthesized by adding a large excess (20 equivalents) of formaldehyde to 1. The
different variants of 3-5 were synthesized as follows: FAD.x was reduced by a large excess of sodium
dithionite (20 equivalents) in the presence of large excess of the corresponding Cl-CH,-S-R reactant
(200 equivalents) (Sigma-Aldrich: chloromethyl methyl sulfide for 3, chloromethyl thiocyanate for 4
and chloromethyl phenyl sulfide for 5) for one hour. The solution was washed three times with
dichloromethane in order to extract any excess reactants from the aqueous solution including excess
sodium dithionite. Compound 5 was not fully soluble in water nor in any usual alcohols. A mixture of
50% buffer and 50% acetonitrile was used instead, which might induce different solvatochromic
effects from the sole phosphate buffer for the other compounds. Steady-state spectroscopy was
used to confirm the formation and stability of the products.

All samples were kept at 10 °C with the help of a circulating thermostat bath.

2.2. Femtosecond transient absorption spectroscopy

Transient absorption spectra were recorded by the pump-probe technique, with a white-light
continuum probe, as previously described.?* In brief, the pump pulses (50 fs) were tuned at 360 nm
by sum frequency generation. The excitation energy (~70 nJ, focused on a surface of ~12000 pm?)
was chosen to lie in the linear regime. The excited fraction of the samples was calculated® to be in
the order of 1-2%. The (linear) polarizations of the pump and probe beams were set at the magic
angle. All transient spectra are presented as difference spectra, between pumped and unpumped
absorbances (AA), between 330 and 790 nm.

The transient absorption data were globally fitted to a discrete sum of exponential functions, in
some cases followed by a plateau, convoluted by a Gaussian function representing the instrument

response function (~100 fs, full width at half maximum). The global fits yield time constants (Table 1)

4



and decay-associated difference spectra (DADS; ESI,T Section S2.2). The latter were used to build so-
called evolution-associated difference spectra (EADS, ESI,* Section S2.3),% which correspond to a
formal cascading model with unit quantum yield between successive states (not to be considered as
an actual kinetic model of the reactivity). Note that EADS1 represents the initial transient spectrum,
extrapolated at t=0 after deconvolution of the instrument response function; it may thus show some
differences with the raw spectra at early times.

The overall excited-state decay was further determined by integrating the transient spectra
between 380 and 700 nm to smooth out the spectral changes occurring while the transient
population evolves on the excited-state surface. The obtained kinetic traces (given in ESI,* Section
S2.5) were then fitted to a sum of exponentials (Table 2). The average decay time (T) and standard
deviation of decay times (o) were finally calculated (Table 3) using the fitted parameters. The full
procedure is detailed in Ref. 34,

Let us note that we actually believe the transient absorption evolutions we observed are
continuous ones, in line with the interpretation background outlined in the Introduction (butterfly
motion towards a Cl). It is therefore most likely that this continuous evolution is somewhat artificially
captured as a multiexponential behavior by the above data analysis methods. This is the reason why

a precise meaning of each time component will not be sought.

2.3. Theoretical calculations

Density functional theory (DFT) and time dependent density functional theory (TDDFT)
calculations were performed using the Gaussian 16 quantum chemical packages.®* Geometries
optimizations were carried out using PBE1PBE and CAM-B3LYP functionals.®® D3 version of Grimme’s
dispersion with Becke-Johnson damping (GD3BJ) has been used with both functionals.®® The Pople
triple-zeta quality basis set extended with polarization and diffuse functions 6-311++G(d,p) has been
used for all DFT and TDDFT calculations.®’

Implicit and explicit solvent models were used. Polarizable Continuum Model (PCM) was used for
implicit water solvation, as parameterized in Gaussian 16. As lumiflavin analogs present too many
proton acceptor and donor sites to consider a simple explicit treatment of the solvation by judicious
positioning of a few water molecules, the following procedure was used for explicit solvation
treatment:

a) The quantum cluster grow (QCG)®® method from the Conformer-Rotamer Ensemble Sampling Tool
code (CREST)®7° was used with GFN2-xTB’* semi-empirical extended tight binding method (xTB)
to coat lumiflavin analogs 1', 2' and 3' with 150 to 200 water molecules to ensure 2 solvation

layers;



b) Conformational ensemble generation and the search for the minimum conformations of the
microhydrated clusters were then performed with the non-covalent mode (NCI) of CREST and
GFN2-xTB;

c) From the most stable structures, water molecules were then removed to keep only the first water
shell around lumiflavin derivatives (29, 40 and 44 waters molecules for respectively 1’, 2’ and 3’);

d) Final structures were then optimized with both PBE1PBE and CAM-B3LYP functionals, and TDDFT
calculations were performed with the same computational methods.

All UV-Visible spectra were plotted from TDDFT calculations using GaussView and standard
parameters (a gaussian with half-width at half height of 0.333 eV (2686 cm™)) without any scaling or
shift correction on wavelength.”?

Atomic charges have been calculated according to two paradigms: Bader's charge and Natural
population analysis (NPA). Bader's charge calculations have been performed with Topchem2 from
.wfx files generated with Gaussian 16.>7* Natural population analysis (NPA) has been performed

with NBO6.”
3. RESULTS

For the sake of clarity, we hereunder present bare experimental results without interpretation,
followed by the results of our theoretical calculations. Interpretations and links between the two

approaches are made in the Discussion Section.

3.1. Steady-state optical spectroscopy

As a preambile, let us recall that the absorption of reduced flavins in the near UV and visible range

6233576 noted here T; to Ts from red

has been shown to be composed of three close-lying transitions,
to blue’. These transitions are for instance well distinguished at 415 nm (T1), 356 nm (T2) and 296 nm
(Ts) for anionic reduced tetraacetyl riboflavin in ethanol at 77 K.® At room temperature or in FADH™
(1) in aqueous solution, these bands are highly broadened and reduced to shallow structures (see Fig.
2).

Fig. 2 shows steady-state absorption spectra of the reduced Ns-adducts (2, blue; 3, green; 4,
orange; 5, red) studied here, in aqueous solution (5 in a 50/50 % vol. water-acetonitrile mixture),

compared to the spectrum of FADH™ in the same conditions (1, blue; reproduced from Ref. 34). While

the spectrum of 1 is very weakly structured between 280 and 500 nm, the spectra of the adducts

" The transitions T: (an allowed transition from the ground singlet state So to an excited singlet state) in this
paper are the same that have been previously described in Ref 34. This notation does not imply anything about
the nature of the state reached by this transition.



display much clearer structures. 2, 3 and 5 exhibit fully developed bands peaking at 332, 371 and 372
nm, respectively, whereas 4 shows a marked shoulder around 350 nm (and another one around 310
nm). It thus appears that the Ns substitutions reported here induce a strong loss of absorbance above
~425 nm and above ~385 nm for 2.

We finally mention that the steady-state fluorescence of 2, 3, 4 and 5 was too weak to be
recorded satisfactorily (mostly because of a spurious fluorescence background coming from traces of
oxidized FAD). However the fluorescence spectrum of 30, structurally related to 3, is significantly
more intense and has been reported by Hamdane et al.”’ It shows a maximum at 459 nm, upon
excitation at 350 nm. This is relatively similar to the fluorescence spectrum of 1 in aqueous solution
reported by Kao et al.,2 which peaks around 430 nm (the fluorescence maximum in fact shifts from
~410 to ~450 nm as the excitation was tuned from 320 to 370 nm). It may also be recalled that the
fluorescence of reduced tetraacetyl riboflavin in ethanol at 77 K was reported to peak at 515 nm,®
and was found to be the mirror image of the lowest-energy absorption transition (T1, peaking at 415
nm in this case).

Note that the traces of FAD. in our samples could be observed by fluorescence spectroscopy
because its excited-state lifetime (in extended form) is rather long (~3 ns3?), hence its fluorescence
guantum vyield is much larger than the ones of our reduced flavins. It remains that the absolute
amount of FADx in our samples is minute and its contribution to absorption spectroscopy is expected

to be negligible.

3.2. Transient absorption spectroscopy

3.2.1. Common features

We performed femtosecond transient absorption spectroscopy of the reduced Ns-adducts (2, 3, 4
and 5) in aqueous solution (50/50 % vol. water-acetonitrile for 5) with excitation at 360 nm. Some
typical transient spectra are shown in Fig. 3, at selected pump-probe delays within a time window of
3.2 ns. Transient spectra of 1, as published by Dozova et al.,** are reproduced for reference in ESI,t
Fig. S1A.

The transient spectra presented here display significant variations between systems but some
common features, already found in 1,** may be highlighted. Most spectra show a positive band at
around 400 nm (named TA;), with more or less marked substructures; TA; appears somewhat red-
shifted to ~425 nm in 5. Another broad positive band appears above 500 nm, with larger intensity.
For convenience, we will name it TA; when its maximum peaks around 500 nm and TA; when it peaks
further in the red (typically around or above 600 nm) or appears as a distinct shoulder on the red side

of a TA; band. All spectra are essentially positive over the presented spectral range, indicating that
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the expected negative bleaching and stimulated emission contributions are not dominant. The
bleaching contributions appear as more or less marked dips below 400 nm. Stimulated emission
contributions appear as dips between ~420 and ~450 nm, in qualitative agreement with the indirect
information available on the fluorescence of those compounds, as discussed in Section 3.1. We
expect the oscillator strength of this emission transition to be of the same order of magnitude as the
one of the lowest absorption transition, which is allowed (see ESI,¥ Table S11). The absence of
experimental fluorescence is essentially due to the very short lifetime of the excited state (see
below). Contamination by the fluorescence of traces of FAD also explains why we could not detect
the very weak fluorescence of our adducts (see Section 3.1).

We used multiexponential global analysis (see Section 2.2) to characterize the time evolution of
the transient spectra. The results are gathered in Table 1 (time constants); the corresponding DADS
and EADS are provided for reference in ESI,T Fig. S4 and Fig. S5. For convenience, the EADS are also
presented in normalized form in ESI,* Fig. S6. The EADS of 1, taken from Ref. 3%, are recalled in ESI,t
Fig. S1B. To characterize the overall excited-state decay, we integrated the transient spectra between
380 and 700 nm, in order to smooth out the spectral changes occurring while the transient
population evolves on the excited-state surface. The obtained kinetic traces (ESI,t Fig. S7) were then
fitted to sum of exponentials (parameters in Table 2). The average decay time (T) and standard
deviation of decay times (o) were finally calculated (values in Table 3) using the fitted parameters, as
detailed in Ref. 3.

3.2.2. Compound 3 (methyl thioester)

We start with compound 3 as its transient spectra are relatively close to those of 1. Let us recall
that 1 initially shows a broad TA; band with a week TA; shoulder on its red side (see ESI, T Section
S1). The TA; shoulder disappears in a couple ps and excited-state decay follows in a few tens of ps.
Compound 3 is characterized by a much clearer and more intense TAs; band, peaking at ~583 nm,
while the TA; band only appear as a shoulder around 500 nm (see for instance EADS1 in Fig. S5-3).
The TA; band of 3 is then seen to rapidly shift to the blue while the TA; shoulder grows (see EADS2),
with a time constant of 0.61 ps. This evolution proceeds further in 2.8 ps with the full disappearance
of the TA; band, leaving a relatively narrow TA; band peaking at 513 nm (see EADS3). This two-step
phenomenon is in fact likely the continuous evolution mentioned in the Introduction, artificially
captured as a biexponential process by the global analysis procedure. It is quite evocative of a similar
evolution reported earlier for 1 in aqueous solution,3* albeit with a larger spectral amplitude. In both
cases, a band narrowing takes place in a few ps, leaving nearly the same TA; maximum at around 515
nm. Some excited-state decay may occur during these early steps but most of the ground-state
recovery takes place in 10 ps. The average decay times we calculate (T in Table 3) is 15 ps (vs. 19 ps

for 1).



A small plateau remains after the 10-ps phase (EADS4 in Fig. S5-3), the nature of which is not
clear. Unlike 1 in solution,®* it is not straightforward to assign such signal to the biphotonic ionization
of the molecule and concomitant production of hydrated electron. It does not either match with any
known sighature of FADoy in solution.3? It might have arisen from experimental artifacts and will be
ignored in the following.

3.2.3. Compound 2 (carbinolamine)

The case of compound 2 is significantly different from 1 and 3. It may first be noted that the
transient spectrum at early time does not show any significant TA; band around 500 nm (Fig. 3-2).
Instead, an intense TA3 band is seen, peaking at ~615 nm (extrapolated at ~630 nm at t=0 in EADS1,
Fig. S5-2). This band rapidly shifts to the blue in 0.37 and 1.1 ps, while already losing some intensity.
Most of the decay then follows in 2.2 ps. It may be observed that the spectrum remaining after the
2.2 ps phase (EADS4) is considerably blue shifted, with a TA; maximum at around 510 nm (see
NEADS4 in Fig. S6-2). The overall blue shift while decaying is a continuous process, as is well seen
with the normalized transient absorption spectra (Fig. S3-2). The last step of decay occurs in 29 ps.
The average decay time of 2 is 11 ps. It is the shortest one of the whole series of compounds we have
studied, including 1.

3.2.4. Compound 4 (nitrile thioester)

The transient absorption spectra of 4 (Fig. 3-4) bear resemblances with those of 3 and 2 but is
characterized by unique aspects. The initial transient spectrum shows a large TA; band as for 2 but it
is extremely red-shifted, with a maximum at ~660 nm, and it is not dominant. The initial spectrum
also displays a substantial TA; band, which is on the contrary very blue-shifted, with a maximum at
~470 nm. A clear minimum between TA; and TAs; bands appear around 550 nm. This unusual initial
spectrum rapidly evolves, in 1.5 ps (Fig. S5-4), by losing its TA; component and building a familiar TA;
maximum at ~500 nm. The initial relaxation happens here without major loss of transient
absorbance, hence likely without any substantial loss of excited population, like in 3 but contrary to
2. The following excited-state multiexponential decay occurs with only some minor narrowing of the
TA; band; it is globally characterized by an average decay time of 85 ps, which is significantly longer
than the corresponding ones of 3 (15 ps) and 2 (11 ps).

3.2.5. Compound 5 (phenyl thioester)

The last compound of our series, 5, has the simplest transient absorption spectra. From the
beginning to the end of the evolution, one observes a dominant TA; band located around 510 nm. It
is in fact seen to slightly blue shift with time, from ~513 nm at early times to ~498 nm towards the
end of the decay (Fig. 3-5 and Fig. S3-5). A shapeless red wing is also present at all times and does not

qualify as a bona fide TAs; band. The blue shift of the TA, band is seen to start without major loss of



excited population with a time constant of 0.31 ps but is also seen to continue during the following

excited-state decay steps, in 5.9, 35 and 184 ps. The average excited-state decay time of 5 is 78 ps.

3.3. Theoretical calculations

It is well known that the substituent on Nig in FAD does not participate in the conjugated system
and does not modify the absorption spectrum of the flavin’®7°. Therefore it is usual to use lumiflavins
as models for studying more complex flavins in order to reduce the number of degrees of freedom
for theoretical calculations. Because our explicit solvent model is very demanding in time and
computational resources we chose to study theoretically only three lumiflavins (1’, 2’ and 3’) because
their FAD equivalents (reduced flavin 1 and substituted flavins 2 and 3, which mimics the adduct 30)

have already been experimentally observed in proteins.577

3.3.1. Ground-state geometries

The geometries of the most stable isomers of the three lumiflavin derivatives (1’, 2’ and 3’) in
water were optimized with both PBE1PBE and CAM-B3LYP functionals, using implicit solvation (PCM)
and explicit solvation (following the procedure described in Section 2.3).

Both functionals with both solvation models yielded essentially the same geometries (shown in
Fig. 4A with PBE1PBE) for all compounds. All structures and their Cartesian coordinates are provided
in ESI,T Section S3.1.

As expected, the three lumiflavin derivatives are not planar but bent along the Ns-Nio axis. The
dihedral angle ¢ (cf. ESI,T Section S3.1) between the two cycles has been chosen to measure this
bend and is also shown in Fig. 4A. It is interesting to notice that 2’ exhibits an intramolecular H-bond
between the OH group and the carbonyl at Cs4, while in 3’ the S-CHs group is folded on top of the re-
face of the isoalloxazine ring with the methyl group oriented above the phenyl ring.

As compared to the PCM model, the explicit treatment of water molecules leads to even more
similar structures calculated by the two functionals and accentuates the differences between the
three derivatives: for 1' angle ¢ is 26°; it increases to 36° for 2' and decreases to 13° for 3'.

3.3.2. UV-visible spectra

TDDFT calculations were performed on the optimized structures, with both functionals and both
solvation models, to obtain the steady state UV-visible spectra of the three adducts. The PBE1PBE
spectra calculated with explicit and implicit water models are shown in Fig. 5. CAM-B3LYP spectra are
very similar, except for an overall blue shift and are reported in Fig. S11.

As expected from the literature (see Section 3.1), the shape of these spectra between ca. 280 and
500 nm essentially results from the overlap of three allowed transitions (T, T> and Ts, from red to

blue) and is governed by their relative shifts and intensities. The positions of both T; and T,
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transitions are influenced by the nature of the substituents on Ns, while the position of the T3
transition remains mostly unchanged in all molecules. The wavelengths of the three transitions for
PBE1PBE and CAM-B3LYP with explicit and implicit water models are gathered in ESI,t Tables S7 and
S8, respectively.

Fig. 5 clearly shows that the PCM model is unable to correctly reproduce the experimental
spectra, which seems to come from a poor description of the T; and T, transitions (Fig. 5 and Table
S7). On the other hand, explicit consideration of water molecules leads to a good reproduction of the
spectra (see discussion in Section 4.1). Consequently, the rest of the analysis will only focus on the
explicit treatment of water molecules with the PBE1PBE/6-311++g(d,p) level of theory. Results with
the other methods are however gathered in ESI,T Section S3.3.

The analysis of the transition associated with an excited state by TDDFT is not always
straightforward. This transition may be a combination of several orbital transitions with similar
coefficients. The use of Natural Transition Orbitals (NTO)® provides a more intuitive picture of the
hole—particle excitation by transforming the ordinary orbital representation into a form in which
each excited state is expressed as a single pair of orbitals. In order to compare the calculated allowed
transitions in the three lumiflavins we used NTO analysis which is especially useful for delocalized
chromophores. Each transition T, (n=1, 2 or 3) can be represented by the excitation of one electron
from the NTO particle orbital P, to the corresponding allowed NTO hole orbital H,. For the three
lumiflavin analogues studied here, the calculations show that the particle orbitals P;, P, and P5 are
always identical to the HOMO of the corresponding lumiflavin molecule. Consequently, only P; is
reported for 1’, 2’ and 3’ in ESI,t Fig. S12, together with H;, H, and H; orbitals, for the PBE1PBE
calculations with explicit solvation. The NTOs obtained with other methods are gathered in Fig. S13-
S15.

The analysis of these orbitals leads to the following conclusions:

- P;(and thus P; and P3) is a 7w orbital delocalized over all the isoalloxazine, very similar for the three
adducts;

- Hiisan orbital delocalized over all the cycles of the molecules, identical for the three adducts;

- Hyisan orbital localized on the phenyl ring of the isoalloxazine chromophore and very similar for
the three adducts;

- Hsisan orbital mainly localized on the uracyl ring of the isoalloxazine chromophore, with a weak

participation of the phenyl ring for 1’ and 2’;

- Nsis never involved in H; and H; orbitals while it is highly involved in P; (and P3), for all adducts;

- No water molecules are involved in these orbitals.
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The energy diagram of the transitions for 1’, 2’ and 3’ is shown in Fig. S16. As the particle orbitals
P1, P, and P5 are strictly identical to the HOMO of each lumiflavin, we used the HOMO energies for
the particle orbitals to build the diagram. The hole orbitals energies were estimated by adding the
energy of each transition to the energy of the corresponding particle orbital.

For the T transition, both P; and Hienergy levels of 2’ and 3’ decrease as compared to 1’, but it is
mainly the energy differences between P; orbitals and consequently between the HOMOs which
explain the energy differences of the three T, transitions. This observation is much more obvious in
the case of transition T, since the energy levels of H, are almost identical between the three
systems: only the energy differences between the HOMOs of each analog explain the energy
differences between the three T, transitions. T3 transitions are similar in energy for the three
lumiflavin because the energy levels of the P; and Hs decrease in the same proportions when going
from1'to 2' and 3’.

3.3.3. First excited-state geometries

Transient absorption spectroscopy experiments were done with excitation at 360 nm. This
corresponds to the T; transition region for 1', 2' and 3'. Therefore, we have also optimized the
structure of the first excited state (ES:) corresponding to this transition with TDDFT, using the
functional which best reproduces steady state UV-visible spectra, namely PBE1PBE/6-311++g(d,p),
with both the explicit solvation and PCM model. Optimized excited state geometries with both
methods are in good agreement: the angles ¢ are compiled in Table S1 and the geometries for the
explicit model are reported in Fig. 4B. Water molecules have been masked to make reading easier.
The vertical absorption and fluorescence energies between the ground state and the first excited
state are given in ESI, T (Table S11), together with the associated oscillator strengths and transition
electric dipole moments, and the adiabatic energies for 1', 2' and 3'.

Compared to ground-state structures, the bending angle ¢ is reduced in the exited state. 1’
becomes almost planar (2.9° with the explicit model) and the angles of both 2’ and 3’ both decrease
(to 10.4° and 9.5°, respectively). In addition to their remaining ¢ fold, the latter two adducts exhibit
another deviation from planarity as the phenyl ring twists with respect to the uracyl ring (along the
long axis of the molecule). This is most likely due to steric effects (for both 2’ and 3’) and to the
intramolecular hydrogen bond between the hydrogen of the alcohol and the oxygen of the C,4

carbonyl in the case of 2’.
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4. DISCUSSION

4.1. Implicit versus explicit treatment of water molecules to study lumiflavin derivatives

The goal of this theoretical study was to understand the shifts in the steady-state UV-visible
spectra of the three lumiflavin molecules. The two functionals that we used, PBE1PBE and CAM-
B3LYP have already given good results for TDDFT calculations in solution.®? As mentioned before,
both PBE1PBE and CAM-B3LYP yield comparable results for 1’, 2’ and 3’, but CAM-B3LYP exhibits a
marked blue shift as compared to the experimental data (cf. Fig. S11). Therefore, we will mainly
discuss PBE1PBE results in this section. We were only interested in the first three allowed transitions
T, T2 and T5 which are at the origin of the experimentally observed spectra.

Let us here recall that Ghisla et al.8? proposed that transition T; depends highly on the degree of
planarity of the isoalloxazine ring. Experimentally, tetragonalization of Ns (e.g. protonation) abolishes
this transition, while simple substitution at Ns shifts it to the blue. It was in particular observed that
the maximum of transition T, is hypsochromically shifted up to 30 nm in a series of adducts with
increasing size of the alkyl substituent in Ns. Ghisla et al.8? proposed that this shift results from an
increasingly bent conformation of the isoalloxazine and further argued® that alkyl substitution in Ns
results in a single, structureless absorption band, centered around 325-350 nm, consisting of two
unresolved transitions, T1 and Ta.

We first attempted to take into account water solvation by an implicit solvation model, namely
PCM. As seen in Fig. 5 (left), this method demonstrates well that the spectra (down to ~265 nm) arise
from the overlap of three transitions and reproduces correctly the blue shift of the spectra of 2’ and
3’ with respect to the broad diffuse band of 1’. These results imply that the well-defined bands in 2’
and 3’ arise from the overlap of the two T; and T, transitions, as proposed by Ghisla et al.®* However,
the calculated spectra differ too much from the experimental ones. The calculated spectrum of 1’
displays a distinct maximum around 335 nm (due to the transition T») while the experimental
spectrum is essentially shapeless in this region. The calculated spectrum of 2’ only shows a broad
shoulder arising from the T, transition instead of a well-defined band. Finally, the blue shift of 3’ is of
the same magnitude as that of 2’; the distance between the maxima of absorption bands of these
two compounds (AAs2 = Ay - Ay, measured as the distance between the T, transitions, mostly
responsible for the maxima) is found to be ~8 nm in the simulated spectra, which contradicts the
experimental value of 43 nm. These differences thus do not allow any in-depth analysis of the
calculations at this level in order to explain the spectral differences between the three molecules.

In order to improve our simulations, we decided to implement the explicit solvation shell with a
large number of water molecules to obtain the first solvation layer around the lumiflavin and take

into account hydrogen bonds formed between lumiflavin and water or the steric hindrance by the
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substituent (both in 2’ and 3’). The limitation of this approach (described in Section 2.3) is that we
focus on a single structure for each system, one snapshoot of the organization hydrated complex. A
more rigorous approach would require carrying out many other snapshots and averaging the results,
but the cost would be well beyond our calculation capacities. Even though we will use these
snapshots to comment on the observed spectral shifts, we are fully aware that other less stable
geometries and solvent distributions around the molecule will contribute to the spectra, especially
for the substituted adducts where the CH,-OH and CH,-S-CHj3 chains are a lot more flexible than the
isoalloxazine.

Nevertheless, our single snapshot approach improved significantly the agreement between
experiment and calculation, as shown in Fig. 5 (right). The relative intensities of the three transitions
in 1’ are in better accordance with the experimental spectrum. The absorption band of 2’ is now
clearly defined, and the spectral distance between 2’ and 3’ increases (AAs2 = 18 nm). The origin of
the blue shift of the absorption band here is partly due to a large blue shift of transition T, (in 2" and
3’ as compared to 1') which frees the 300-400 nm region. The band observed in this region for 2’ and
3’ is thus exclusively due to the T; transition. It should also be noted that the spectral position of the
T1 transition shifts to the blue upon substitution, as follows: A1(T1) > Az (T1) > A»(T41) (Fig. 5 (right)).
This explains why the absorption spectra of 2’ and 3’ become both blue shifted and better defined
than that of 1’. The three transitions of 1’, more of less evenly spaced in energy, indeed tend to
strongly overlap and produce a shapeless absorption continuum. Conversely, the larger separation
between transition T; and the group of transitions T, and Ts produces a much more structured
absorption spectrum in 2’ and 3.

The above results show that the origin of the experimentally observed band is highly sensitive to
the method used for the calculation and that the choice of the best method is not straightforward.
Since the explicit solvation calculations reproduce the experimental data far better that those using
the PCM model, we will discuss exclusively the former, with the PBE1PBE/6-311++g(d,p) functional,
in the following.

Let us also highlight that our results formally contradict Ghisla's interpretative framework
according to which the hypsochromically shifted lowest absorption band of Ns-subtituted flavins (2’
and 3’) arises from nearly degenerate T, and T, transitions. Our findings on the contrary assign it to
the T, transition only, T, shifting even more to the blue and getting in fact pretty close to transition T3

(the shift of which is rather small).
4.2. Origin of the observed blue shift in UV-visible stationary spectra

Within Ghisla's framework, the blue shift of the absorption spectrum upon Ns substitution is

attributed to an increase of the bend angle along the Ns-Nio axis, as compared to 1. Comparison of
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the dihedral angles of our lumiflavin compounds in the presence of an explicit hydration shell shows
a different trend. The bend angle of the isoalloxazine ring (¢) was found to be 26.5° for 1', 36.4° for 2'
and 13.3° for 3' (cf. Fig. 4A and Table S1). Our value for 1' is in good agreement with previously

reported value!”192

and ¢ is indeed found to be larger for 2, in agreement with Ghisla's guideline. It
however turns out that ¢ is significantly lower for 3', which disagrees with this guideline. In other
words, our theoretical calculations show that 3’ is more planar than 1’ even though its spectrum is
blue shifted in respect to the spectrum of the unsubstituted lumiflavin. This important finding
definitely contradicts the interpretation that the bend angle is the key determinant for determining
the blue shift of the absorption spectrum.

The analysis of the NTOs (Fig. S12 and Section 3.3.2) clearly shows that the P;, H; and H; orbitals
are identical for 1', 2' and 3' and that Hs's are very similar. So, from an orbital point of view, whatever
the substituent on Ns, the nature of the Ty, T, and Ts; transitions does not change. On the other hand,
the energy diagram of the transitions (ESI, T Fig. S16) shows that the energy of the particle orbital P,
(i.e. the energy of the HOMO) of the three molecules is strongly lowered upon Ns substitution, while
the corresponding hole orbitals undergo a more limited stabilization. This phenomenon is mainly
responsible for the blue shifts of the T1 and T, transitions and, as the NTOs show, correlates with the
fact that the Ns atom is involved in P; for the three systems but never in their H; or H; orbitals. As far
as the Ts transition is concerned, the P; and Hs energy levels shift by approximately the same amount
upon substitution, which leads to similar transition energies for the three molecules.

The question arises then as to whether the Ns-substituent-dependent change in HOMO energy is
mainly due to the electronic nature of the substituent, or rather to a different organization of the
water molecules around the lumiflavins, induced by the change in substituent. We therefore
recalculated the HOMO energy of the three lumiflavins in the geometry obtained with the explicit
solvent treatment, but without the water molecules. These are shown in Table S9, together with the
HOMO energies obtained in the presence of water molecules. Taking 1' as a reference, the HOMO
energy drops by -0.53 eV for 2' and -0.44 eV for 3' in the presence of water molecules and by -0.40
eV and -0.34 eV without them. It is thus mainly the change of adduct in Ns which governs the gap
between the HOMO energies of the three lumiflavins. Water molecules accentuate this effect but in
smaller proportions.

To try to better understand the differences in behavior between the three systems, we have also
analyzed atomic charges, summed per fragment of the molecule in Table S10. Two different
approaches were used to compute charges: Bader charges, obtained by atomic partitioning of the
electron density, and NPA charges (natural population analysis) obtained by an orbital approach to

partitioning natural orbitals. The objective is not to discuss the distribution of charges, the two
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methods leading to different partitioning, but to see if we observe a different behavior by changing
the adduct in Ns.

Both methods lead to the same conclusion: no notable variation is observed between 1', 2' and 3'.
This means that neither the electron density (Bader charges) nor the natural orbitals (NPA charges)
of each fragment are notably affected by the Ns substitution. We however note that the total charge
of the molecules is not exactly -1 (-0.9 for NPA charges and -0.7 for Bader charges) indicating that
part of the charge is carried by the network of water molecules. This could explain why the implicit
treatment of water molecules by PCM is not sufficient to correctly model these negatively charged
systems.

Finally, we conclude that the main reason for the blue shift of the T, and T, transitions, and thus
for the observed well defined bands of 2’ and 3’ as compared to the unstructured 1’ spectrum, is the
stabilization of the HOMO orbital upon substitution of the hydrogen atom by a CH,-OH or CH;,-S-CHjs
group. Other factors like the shape of the Natural Transition Orbitals of the three transitions or
atomic charges are too similar for all three molecules to account for the spectra difference, while the

shift of the bands from 1’ to 3’ to 2’ is not consistent with the corresponding calculated bend angles.

4.3. Evolution on the excited-state surface

To interpret the transient absorption data, we globally apply the framework recalled in the
Introduction and used in Ref.3* It consists in relating the evolution of the transient spectra to the
motion of the excited-state population along some large-amplitude coordinate, loosely identified as
the butterfly bending coordinate. This motion is supposed to lead to a conical intersection (Cl) with
the ground state where the excited population rapidly deactivates. Within this point of view, the
spectral changes during the evolution on the excited-state surface are fundamentally continuous but
are transcribed within experimental noise into a discrete sum of exponentials by our global analysis
approach. A sense of the continuous nature of the excited-state evolution may be got by inspecting
the raw transient spectra, normalized at the maximum of the TA,/TA; band (Fig. S3).

The fastest steps of evolution of the transient absorption spectra, occurring in the sub-ps regime
(except 1.5 ps for 4; see 11 in Table 1), may in fact contain contributions from the dielectric response
of the immediate surroundings, driven by the change of charge distribution upon excitation.
Solvation dynamics is indeed known to be extremely fast for water, with a large part of it taking place
in the sub-ps regime.®®* |t is also not excluded that traces of internal conversion between excited
states, from the initially excited state at the current excitation wavelength to the lowest-lying excited

23

state, might also contribute in that timescale,”® although such phenomenon is expected to be

extremely fast (possibly in the 100-fs timescale) given that the small energy separation between
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them (energy gap law®®). We however propose that these earliest kinetic steps are dominated by the
beginning of the evolution on the excited-state mentioned above.

It is interesting at this level to mention that our theoretical calculations (performed with the PCM
and explicit solvation methods) show that the optimized geometry of the lowest excited state (ESi)
of all examined lumiflavin analogs (1', 2', 3') tends to be more planar than the ground state (see
Section 3.3.3). In the case of 1’ the planarity is almost perfect, while in the case of the two adducts
steric affects and the intermolecular H bond (in 2’) prevent the complete planarization of the excited
state which retains a smaller fold angle and some twist along the long axis of the molecule (Fig. 4B).
This result suggests that the excited state initially produced by the ultrashort excitation of our setup,
which is expected to bear the bent configuration of the ground state, would tend to relax its
geometry towards a more planar structure. Let us note that this planarization might be only partial if
the Cl to the ground state is encountered in the way. This dynamic trend should however constitute a
common feature of all compounds studied in this work, including 1.

It is worth recalling that during the initial steps of the excited-state evolution of all compounds,
from sub-ps to a few ps, the transient absorption spectrum above ~450 nm undergoes a blue shift
and narrowing. The TA; structure, seen as a shoulder on the red side of the TA; band or as a distinct
band around 600 nm, is seen to disappear and leave a narrower TA; band centered at around 500 nm
(see NEADS in Figs. S2B and S6). This phenomenon is much less marked for 5 but still existing.
Assuming that planarization of the isoalloxazine is under way during those steps, we propose that
TA; bands or shoulders should be characteristic of bent configurations while TA; bands would rather
sign more planar configurations. In practical terms, it is likely a distribution of bend angles that would
determine the exact shape of the transient spectra. It may at this respect be recalled that the
isoalloxazine ring is expected to be rather flexible about the butterfly bending; barrier to ring
inversion along this coordinate were indeed reported to be low (2-4.8 kcal/mol) for different reduced
flavins.1*1%18 Broad initial distributions, reflecting the configuration of the ground state selected by
the excitation, would correspond to broad spectra with TA, and TA; contributions, while relaxed
distributions, hypothetically more centered about a more planar configuration, would give rise to
narrower spectra, restricted to a dominant TA; contribution. The case of 5 appears more difficult to
accommodate within that view since it does not show much of a clear TA; contribution at short times
and very little spectral narrowing over the transient dynamics. It might be tentatively proposed that
the initial, ground-state-inherited, configuration of 5 is rather planar, more so than compounds 1-4,
but we do not have so far any theoretical element supporting this hypothesis. Alternatively, it could
be argued that the shapeless background observed beyond 600 nm is a kind of extremely wide and

red-shifted TA; structure, still reflecting bend configurations. The fact that this structure never
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disappears would suggest that planarization would be hindered for these particular configurations of

5. Additional theoretical calculations would be necessary to establish a reliable interpretation.

4.4, Excited-state decay

As far as the decay of the excited state is concerned, it is interesting to note that, for compounds
1, 3 and 4, the excited-state decays mostly take place after the shift and narrowing process is
completed (see Fig. S1B and Fig. S5). This suggests that the Cl to the ground state is not located close
to the initial conformation of the molecule and that some structural relaxation, hypothetically
planarization, is required before it can be reached. It may additionally be observed that the average
excited-state lifetime (T, Table 3) of 1 and 3 is rather short (19 and 15 ps, respectively) while it is
much longer for 4 (85 ps). This suggests that the Cl of 4 could be located farther away from both the
initial and relaxed configurations of the excited state than in the case of 1 or 3. Alternatively, it is not
excluded that, for some unknown reason, the rigidity of the isoalloxazine ring of 4 would be larger
than that of 1 and 3, hence justifying the slower excited-state dynamics of this compound.

The case of 2 is quite interesting as one observes a strong loss of transient absorption signal
during the red shifting of the TA; band. This is interpreted as a strong excited-state decay taking
place while the excited state structurally relaxes — possibly towards a more planar configuration. This
in turn suggests that the Cl to the ground state of 2 probably lies closer to the initial bent
configuration than in 1, 3 or 4. This might be convergent with the fact that the calculated geometry
for the first excited state of 2’ is less planar than those of 1’ and 3’.

As mentioned above, the case of 5 is comparatively harder to interpret. It should however be
noted that the average excited-state lifetime of 5 is quite long (78 ps), suggesting as for 4 that the CI
to the ground state is not located close to the initial nor the relaxed configuration. The possibility
that the structure of this compound is somewhat more rigid than that of 1, 3 or 4 should also not be
discarded.

Overall, the differences of excited-state lifetime observed across the 1-5 series point to the fact
that the position, i.e. the geometry of the Cl would significantly depend on the nature of the Ns

substitution.

5. CONCLUSIONS

In this study, we explored the steady-state and transient absorption spectroscopy of several Ns-
substitued derivatives of FADH™ (2, 3, 4, 5; Fig. 1) in aqueous solution, guided by DFT/TDDFT

calculations for interpretation. While implicit solvation (PCM) reproduces well the geometry of the
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different molecules, explicit treatment of water molecules is necessary for correctly modeling steady-
state spectra. Unlike the nearly unstructured steady-state absorption spectrum of FADH™ (1), most
Ns-adducts studied here display a well-structured absorption spectrum, with a marked absorption
band around 330 nm (2) or 370 nm (3, 5; shoulder for 4) and a loss of absorbance above 425 nm.
Contrary to previous interpretations linking these changes to an increased bend angle of the
isoalloxazine ring along the Ns-Nig axis, our explicit solvent calculations suggest that the bend angle
plays a minor role. Instead, the observed blue shift and structured spectra arise from HOMO
stabilization in Ns-substituted adducts, which shifts and separates the T, and T, transitions.

Transient absorption spectra reveal both similarities and significant differences among the
compounds. Above ~450 nm, we identify two key transient absorption bands: TA; (~500 nm) and TA;
(~600 nm, seen as a red-side shoulder or independent band). Initially, combinations of TA; and TA;
appear, but spectra stabilize within picoseconds, dominated by a narrow TA; band. Computational
results indicate that while the excited state of 1’ is planar, steric and hydrogen-bonding effects in 2’
and 3' prevent planarity, retaining a dihedral angle and twist. Across all molecules, relaxation to the
lowest-lying excited state involves decreased bending of the isoalloxazine ring compared to the
ground state, suggesting that TA, reflects more planar geometries, whereas TAs signifies bent
configurations inherited from the ground state. It may be kept in mind that this hypothesized
planarization process is simply a relaxation of the dihedral angle along the butterfly coordinate.

The ultrafast decay of the excited state (11 to 85 ps; see Table 1) likely occurs via conical
intersections (Cls) along the relaxation pathway. The fastest decays (1, 2, 3) likely sign situations
where the Cl is located near the initial configuration. This should be particularly true of 2, for which
the excited-state decay starts before the spectral/structural relaxation even begins. Conversely the
slowest decays (4, 5) probably correspond to geometries of the Cl situated both farther away for the
initial or the relaxed configurations than in 1-3. Our results globally suggest that the position of the CI
would significantly depend on the nature of the Ns substituent. We were not able to rationalize this
effect in terms of structural parameters but we stress that the excited-state lifetime is likely
controlled in part by the position of the Cl.

While steady-state spectra of the three thio substituted adducts (3-5) are very similar because of
the probable equivalent stabilization of the HOMO orbital, their transient absorption spectra and
their decays exhibit different behavior indicating that other factors depending on the interaction of
the different Nssubstituents with the molecule and/or the solvent might influence the evolution of
the excited state and the position of the Cl. Further theoretical investigations would be required to
understand better this phenomenon. Our findings underscore the intricate photophysical behavior of
anionic reduced flavins under peripheral Ns substitution and provide a foundation for future

investigations of other reduced flavin derivatives.
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Fig. 1. Chemical structure of FADH™ (1) and corresponding Ns-adducts (2 to 5). R stands for ribityl
adenosine diphosphate. The lumiflavin analogs (R = CHs) used for ab initio calculations are noted with
primed numbers (1', 2', 3').
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Fig. 2. Steady-state absorption spectra of the Ns-adducts (2, blue; 3, green; 4, orange; 5, red) studied
in this work, in aqueous solution (50/50 % vol. water-acetonitrile mixture for 5) and FADH™ (1, black
in dotted line, (reproduced from Dozova et al.,** with permission from the PCCP Owner Societies).
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Fig. 3. Femtosecond transient absorption spectra of 2, 3, 4 and 5 (see notations in the Introduction)

in solution at selected pump-probe delays, upon excitation at 360 nm.
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Fig. 4. Optimized structures of the lumiflavin derivatives 1’, 2’ and 3’ and angle of dihedral bend ¢
calculated with explicit solvation (PBE1PBE/6-311++g(d,p)) in the ground state (A) and the first
excited state ES; (B). An additional deformation of 3’ (a twist around the long axis of the molecule) is

clearly visible in the excited state of 3’.
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Fig. 5. Simulated UV-visible absorption spectra of lumiflavin derivatives 1’, 2’ and 3’ by TDDFT
PBE1PBE/6-311++g(d,p) calculations with implicit solvation (left) and explicit solvation (right).
Corresponding experimental spectra are also reported. Intensities of simulated spectra have been
normalized for comparison with experimental data. (The T; symbol describes an allowed transition
from the ground singlet state So to an excited singlet state.)
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Table 1. Time constants (7i in ps, with fit errors)of the global multiexponential analysis of the
different systems under study. The last line recalls for reference the case of free FADH™ (1) in
aqueous solution, under the same experimental conditions (as published in Ref. 3%).

Molec. 71 (ps)  (ps) 73 (ps) 7 (ps) plateau
2 0.37+0.13 1.1+0.3 2.2+0.2 29+2 no
3 0.61+£0.2 2.8+0.3 10.1£0.2 - yes
4 1.5+0.2 14+3 507 227 + 38 no
5 0.31+0.06 59+0.8 355 184 + 25 no
1 0.27 £0.04 1.5+0.1 8.4+0.7 32+1 yes

Table 2. Time constants (t; in ps) of the multiexponential analysis of the integral decay traces. The
corresponding relative amplitudes (a;) are indicated in parentheses. The bottom line refers to 1 as
published in Ref. 34,

Molec. 71 (a1)  (a2) 73 (a3) 7 (a4) plateau
2 3.6 (0.90) 77 (0.10) - - -
3 11 (0.98) 271 (0.01) - - (0.01)
a4 0.28 (0.04)  18(0.26) 57 (0.46) 227 (0.24) -
5 5.1(0.20) 34 (0.47) 185 (0.33) - -
1 2.0(0.21)  10.9(0.35) 35 (0.42) _ (0.02)

Table 3. Average decay time (T) and standard deviation of decay times (o) calculated from the
multiexponential fit of the integral decay traces. Ratios of T relative to 1 are provided in the last

column.
Molec. T (ps) o(ps) T/Tref
2 11 22 0.55
3 15 32 0.80
4 85 82 4.5
5 78 76 4.1
1 (ref.) 19 14 1
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