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Abstract

In this paper, we report on the Photoinduced Electron Transfer (PET) reaction between a donor
(adenine analog) and an acceptor (3-methoxychromone derivative) in the context of designing
efficient fluorescent probes as DNA sensors. Firstly, Gibbs energy was investigated in
disconnected donor-acceptor systems by Rehm-Weller equation. The oxidation potential of the
adenine derivative was responsible for exergonicity of the PET reaction in separated combinations.
Then, the PET reaction in donor-w-acceptor conjugates was investigated using steady-state
fluorescence spectroscopy, acid-mediated PET inhibition and transient absorption techniques. In
conjugated systems, PET is a favorable pathway of fluorescent quenching when an electron-rich
adenine analog (d7A) was connected to the fluorophore (3MC). We found that formation of
ground-state complexes even at nM concentration range dominated the dye photophysics and
generated poorly emissive species likely through intermolecular PET from d7A to 3MC. On the
other hand, solution acidification disrupts complexation and turns on dye emission. Bridging an
electron-poor adenine analog with high oxidation potential (8d7A) to 3MC presenting low
reduction potential is another alternative to prevent complex formation and produce highly
emissive monomer conjugates.
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Introduction

Redesigning the structure of nucleosides to generate environment-sensitive fluorescent analogs
and incorporating them into nucleic acids (NA) is a leading approach for the development of NA-
related advanced sensors for sequencing and probing NA conformations, dynamics and
interactions [*-%. A common strategy is grafting a chromophore to the nucleobase preferentially on
a position not affecting Watson-Crick base pairing. In term of biocompatibility, extension at
positions 5 and 7 of pyrimidine and purine rings respectively, is the most favorable 4°l,
Connecting a fluorophore is attractive as it opens the route to the development of emissive probes
based on sensing characteristics of the original dye [®l. Extension of nucleobases electronic -
scaffolds to construct push—pull systems is particularly interesting since it could generate probes
with unique photophysical properties including sensitivity to polarity and red-shifted absorption
and emission [l The responsiveness of the fluorescence reporter can be greatly increased if the
emissive signal is based on the change between two spectrally resolved forms Bl In order to
achieve this, we have selected fluorophores of the 3-HydroxyChromone (3HC) family that can
exist in two excited-state forms - the normal and tautomer ones - due to an Excited State
Intramolecular Proton Transfer (ESIPT). Both forms fluoresce at different wavelengths and thus
generate a dual emission proving sensitive to H-bonding and electric field of the environment for
which the intensity ratio of the two bands can be used as the reporting unit. In this context, we first
reported push—pull probes with advanced features, made from dU and 3HC. These probes were
characterized by a two-color emission (cyan and yellow), good quantum yields in different solvents
including water and especially high sensitivity to hydration and NA conformations 0. The
possibility to connect the 3HC moiety to adenine nucleobases for NA labeling was next explored
by electronically coupling 7-deazadeoxyadenosine (d7A) with 3HC dyes (Figure 1. FCA and
TCA) 'Y, The new conjugates showed several improvements in the photophysical properties of
3HC as evidenced by red-shifted absorptions from UV to the violet range, up to 1.5-fold increase
in absorptivity and strong sensitivity to environmental changes. However, they revealed to be
strongly quenched in polar protic solvents and almost non-emissive in water. Thus, the access of
fluorescent purine-based nucleosides for NA labeling turned out to be more problematic than for
the pyrimidine nucleobase. Since 7dA is a potent donor for Photoinduced Electron Transfer (PET),
we hypothesized that a proton coupled (PET) 2 from the 7dA fragment to the 3HC could be a
plausible mechanism to account for fluorescence quenching of FCA and TCA. Proposing such a
process also raises the question of whether the electron transfer is intramolecular or
intermolecular?

It is often difficult to prove the mechanism of quenching. The mechanism may not be
exclusive and can be a combination of different processes (e.g. internal conversions, Dexter energy
transfer, Twisted Internal Charge Transfer (TICT) conformation) making the task even more
difficult [, To have more convincing experimental evidences, we carried out several experiments
with 3-MethoxyChromones (3MCs) to avoid spectroscopic and kinetic complications due to the
ESIPT reaction (Figure 1). Herein, we report on our investigation of push—pull systems between
dA analogs and 3MCs. First, the energetic aspect of the PET reaction was studied between the
separated d7A electron donor and 3MC electron acceptor using cyclic voltammetry to demonstrate
whether d7A can be oxidized and 3MC reduced. Given that dG has the lowest oxidation potential



E and that incorporation of an N atom at position 8 of the purine increases this value (E(dG) ~
E(7dA) < E(8d7A) ~ E(dA)) [**16] we compared with positive (dG) and negative controls (dA
and 8d7A (8-aza-7-deaza-2'-deoxyadenosine)). Secondly, the photophysical investigations of the
single-band emissive conjugates (MFCA and MTCA) and their corresponding negative controls
(MFC8A, MTCB8A and acidification) were performed to verify quenching of MFCA and MTCA
in polar protic solvents. Lastly, UV-Vis transient absorption (TA) spectroscopy was performed on
the conjugates to establish direct evidence of PET for MFCA and MTCA in MeOH. This study
not only provides a better understanding of the PET quenching reaction in separated as well as
conjugated systems of dA analogs and chromones but also brings useful information for the design
of advanced fluorescent DNA sensors. Noticeably, fluorescence could be switched ON/OFF by
using the suitable dA analog or simply by fine tuning the medium pH.
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Figure 1. A) Synthesized push—pull conjugated systems investigated here: electron donors and acceptors are depicted
in blue and red, respectively. B) Structures of separated donors (dG, dA and derivatives) and acceptors (3MC
derivatives).

Results and discussion
1. Separated donors and acceptors, and conjugated deoxyadenosine analogs.

The compounds required for the photophysics were synthesized (MTCA, MFCA, MTC8A, and
MFCB8A) or obtained from commercial sources (MFC, dG, d7A, 8d7A, and dA). The synthesis
of MTC was recently reported by our group [*1. Synthesis of conjugates were adapted from Seela’s
previous works (5181 The full details of their preparations and characterization are given in Sl.

2. Standard free energy changes of PET reaction between separated donors and acceptors

PET is the most common mechanism proposed to account for quenching of fluorophores by
nucleobases . Upon PET, the 3MC fluorophore can be reduced by the nucleobase to form a
radical ion pair, which can further undergo radiationless relaxation to the ground state. Comparison
of the redox potentials of the fluorophore and nucleobase allows us to examine the possibility for
PET . Among the canonical nucleobases, guanine is the most potent electron donor with the
lowest oxidation potential 141, The redox potential of 7dA, a prospective nucleobase moiety to
engineer adenosine-based probes, is close to that of guanosine [*4l. One strategy to raise the
oxidation potential of 7dA is to incorporate an endocyclic nitrogen in position 8 of the purine



framework. Seela et al. exploited this approach and demonstrated its efficiency to affect the
oxidation potential, placing 8d7A in the range comparable to dA 151,
To determine if PET is energetically favorable, we have correlated fluorescence quenching of the
bridged donor-acceptor systems with the redox potentials of the separated donors and acceptors
and their corresponding Gibbs energies calculated from the Rehm-Weller equation (Eq. 1) 320,
Based on the latter, one could predict whether the electron transfer process is exergonic or
endergonic.
AGg, = E®*(D) — E™4(A) — Ego(A) + AG(¢) (Eq.1)

Where:

E%(D) is the oxidation potential of the donor (purine base)

E"d(A) is the reduction potential of acceptor (3MC derivatives)

Eoo(A) is the zero-zero transition energy (1240/A (nm) in eV), where A is the intersection

of the normalized absorption and emission spectra of the acceptor 1231,

AG°(¢) is the solvent term contribution and depends on the dielectric constant of the

solvent. It was estimated to be 0.1 eV in Hz0 [,

In this study, we assumed that dA analogs (d7A and 8d7A) being the electron donors and 3MCs
being the electron acceptors (Figure 1B). In order to compare with dA analogs, natural dG and
dA were investigated as positive and negative controls, respectively ¥, Oxidation and reduction
potentials, as well as calculated Gibbs energies are reported in Table 1.

Table 1. Oxidation potentials of donors, reduction potentials of acceptors and Gibbs energies

EOX(D)[a] Ered(A)a
Donors Acceptors vs NHE  vs NHE

Eoo(A)P  AG

V] [V] [eV] [eV]

dG MTC +1.42 -1.50 3.16 -0.33

d7A MTC +1.46 -1.50 3.16 -0.30
8d7A MTC +1.81 -1.50 3.16 0.05
dA MTC +1.85 -1.50 3.16 0.10

dG MFC +1.42 -1.50 3.18 -0.33

d7A MFC +1.46 -1.50 3.18 -0.30
8d7A MFC +1.81 -1.50 3.18 0.05
dA MFC +1.85 -1.50 3.18 0.10

[a] Cyclic voltammetry was conducted against Ag/AgCl (KCI saturated) in acetonitrile containing 1 M tetra-n-
butylammonium hexafluorophosphate (TBAPFs) as the electrolyte, and saturated solution of the purine base or 1 mM
3MC. Data were converted into normal hydrogen electrode (NHE) for comparison. Scan speed was 100 mV/s. [b]
Eoo(A) values were obtained from absorption and emission spectra of the corresponding fluorophore in water (See
Figure S2).

Analysis of these data allows several conclusions to be drawn. First, the oxidation potentials
obtained for the known purine compounds were comparable to the reported values highlighting
the consistency of our data (e.g. compare +1.46 V with +1.48 V for d7A, for the other compounds
see Table S2) [*. The oxidation potential of d7A (+1.46 V) is close to that of dG (+1.42 V);



similarly, 8d7A (+1.81 V) is comparable to dA (+1.85 V). According to the Rehm-Weller
equation, AG %t depends on three main parameters. Firstly, it depends on the oxidation and
reduction potentials of the donor and acceptor, respectively. Table 1 shows that the reduction
potentials of the two chromones are identical; by contrast, the oxidation potentials of the purine
bases are discriminant (compare d7A vs. dG with 8d7A vs.dA). Hence, AG % of any pair between
donor (d7A or dG) and acceptor (MTC or MFC) will be about 0.35-0.43 eV smaller than that of
8d7A or dA as the donor. Basically, oxidation of the donor and reduction of the acceptor in a PET
process requires energy. Therefore, this energy contributes a positive value to the AG % of the PET
reaction. Secondly, AG % depends on the zero-zero transition energy (Eoo) of the fluorophore
(B3MC). Eqo is the energy gain of the photoexcited 3MC, it contributes a negative value to the free
energy. The zero-zero transition energy of the furyl chromone (MFC, 3.18 eV) is just slightly
higher than that of thiophene-containing chromone (MTC, 3.16 V). This result is consistent with
the fact that the larger sulfur atom probably decreases of the HOMO-LUMO energy gap compared
to the smaller oxygen atom due to resonance effects 2222, Lastly, the solvent term contribution
AG°(¢&) depends on the dielectric constant of the solvent. Generally, it decreases with increasing
permittivity; however, its contribution to the total energy is small. According to AG %, electron
transfer from d7A to MFC and MTC is exergonic with —0.30 eV; while, it is slightly endergonic
from 8d7A to the chromones MTC and MFC with +0.05 eV. Assuming that AG % =—0.30 eV is
in the normal region according to the Marcus theory 2-°1 our results suggest that the electron
transfer from d7A to the chromone should be faster and more favorable than that from 8d7A.

3. General photophysical characterization

The photophysics of the newly synthesized push-pull nucleosides were characterized in a set of
four protic solvents (water, methanol, ethanol, and i-propanol) of different polarities, and the
results are summarized in Table 2. The Dimroth—Reichardt polarity index parameter 21 is used to
rank the solvents. This empirical scale takes into account the dielectric constant and H-bonding

ability of the solvent. The acidity according to the scale is also given for comparison and discussion
[27]



Table 2. Photophysical properties of the nucleoside analogs in different solvents.

&max (10% mt.cm1)E - 40 40 34 37
Somvent E-N(30)L! (nrr?),[d] MFCA MTCA MFC8A M;CS
SA [ 0 (10) (11) (12) (13)
(%)[e]
H,Olf 1.00 | Aabs 378 388 372 366
1.062 |  Aem 567 579 472 479
@ 0.2 0.7 30 #NAL
?(;Sﬂ' TRA AAbs 377 384
AEm 521 527
@ 6.0 6.0
MeOH" 0.76 |  Aabs 378 388 372 366
0.605| Aem 571 580 464 469
@ 1.3 0.9 38 36
MeOHIM Aem 512 512 464 469
Mg das 371 382
AEm 501 508
@ 41 35
EtOHI" 0.65| Aans 378 390 368 379
0.400 |  Aem 555 564 458 464
@ 6 4.2 33 30
i-PrOH 0.57 | Jabs 379 391 368 379
0.283| Aem 534 546 453 459
@ 19 18 29 26

[a] Molar extinction coefficient was determined in methanol; relative standard deviations are lower or equal to 5 %.
[b] Reichardt's empirical solvent polarity index 28, [c] Acidy scale (ref [7). [d] Wavelength of the absorption
maximum (Aaps) and emission maximum (Aem) in nm. [e] p-DiMethylAminoFlavone (DMAF) in EtOH (Aaps = 404
nm, @ = 27 %) %81 was used as the standard reference Fluorescence quantum yields (). [f] Absorption and emission
spectra were recorded at concentrations of 11 pM and 1.1 puM, respectively. [g] Not investigated due to very low
solubility. [h] Emission maximum obtained for solution at concentration <10 nM.
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Figure 2. Normalized emission spectra of MFCA (left) and MFCB8A (right) in protic solvents (at 1.1uM) of
increasing polarity. Excitation wavelength was at the maximum of absorption (Table 2).
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Figure 3. Fluorescence spectra of MFCA (left) and MFCBS8A (right) in protic solvents (at 1.1uM). Excitation
wavelength was at the maximum of absorption (Table 2).

The MFCA and MTCA exhibit similar absorptivity and little variation of absorption maxima
whatever the solvent studied. The maxima are centered near the visible range (377-379 and 388-
391 nm, respectively). Both conjugates displayed a 35-41 nm bathochromic shift of their
absorption by comparison to the parent MFC and MTC chromones (Figure S2 and ref [*7]) as
expected for dyes with extended conjugation. The same conclusion can be deduced from the UV—
Visible spectra of MFC8A and MTCS8A, albeit with slightly blue-shifted absorption maxima
(362-383 nm). As expected, substitution of the 3-hydroxy proton by the methyl group in the
chromone inhibits ESIPT and thus, the dual emission. MFCA and MTCA displayed bathochromic
shifts of their emission maxima with the increase in solvent polarity (e.g. from 534 nm in i-PrOH
to 571 nm in MeOH for MFCA, see Table 2), as illustrated in Figure 2. Their quantum vyields
gradually drop as the polarity increases (Figure 3). For chromones, it is known that in the excited
state, the electron-enriched 4" carbonyl oxygen (Figure 1) is particularly sensitive to H-bonding
for which H-bond interactions are all the stronger as the acidity of the solvent increase [2%3%, There
are many examples in chemistry and biology supporting that intermolecular site-specific



interactions through H-bonding can increase PET 121431 Ag with FCA and TCA compared to
TCU, the corresponding methylated derivatives behave differently. They turn almost non-emissive
in MeOH and H20 (e.g. compare ® = 0.9% for MTCA with @ = 49%, in MeOH) and show larger
bathochromic shifts, which can be seen from the shifts in emission since the compounds have close
absorption maxima (e.g. compare 501 nm for MTCU with 580 nm for MTCA in MeOH).

Why do these compounds demonstrate such large spectral shifts and drop in quantum yields
in protic solvents? Are these variations due to solvent specific effects, conformational changes
generating a TICT conformer or probe-probe interactions? To address this question, we examined
the emission spectra recorded at different concentrations ranging from 60 uM to 1.25 nM as shown
in Figure 4 (see also Figure S8), and observed concentration dependent spectral shifts.

uM UM
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Figure 4. Normalized emission spectra of MTCA at 512 nm (left) and at the maximum (right) at different
concentrations in MeOH (excitation wavelength at 370 nm).

For example, the emission maximum of MTCA in MeOH was gradually blue-shifted from 580
nm at concentrations larger than 0.5 uM to 512 nm below 2 nM. At concentrations as low as 5 nM,
we have already detected a contribution of the 580-nm emissive species (see Figure 4-left). The
high-energy emission band was close to that of MTCU. We therefore attribute the 512 nm
emission band to the monomer dye, and that at 580 nm to a complex. Excimers are typically
observed as a broad emission band red shifted relative to that of the monomer fluorophore. Excimer
is a complex formed between two monomers when at least one component is in the excited state.
Noticeably, the changes in the emission spectra of MTCA and MFCA clearly showed that the
complexes are formed at concentrations as low as few nM, which are far below the mM
concentration range for which excimers are typically observed [*3%2, Indeed at 2 uM concentration,
the average distance between solute molecules of d ~ 0.1 um corresponds to a typical diffusion
time 1=d%D in the 20 ps range for two molecules to encounter (assuming D=500 um?/s for the
diffusion coefficient [3334), which is 4 orders of magnitude longer than the excited state lifetime.
Thus, the emission spectrum observed at concentrations of 0.5 uM or larger is attributed to a
complex resulting from ground state interactions. Analyzing the excitation spectra recorded at
different concentrations further supports this interpretation as the existence of two absorbing
species was evidenced at low concentration (Figures S7 and S8). Formation of ground-state
complexes of acceptor/donor pairs is known 5381, The close association of both species favors
photoinduced electron transfer generating radical ion pairs. The radical ion pair generated from
the charge transfer complex can be compared to the well-known poorly emissive geminate radical



ion pairs for exciplexes, although the later, as for the excimer, generally refer to bimolecular
contacts of the excited dye and a quencher B7-4%, What is particular to our compounds is that they
formed complexes even at very low concentrations. We are not aware of other examples of such
intermolecular tight interactions reported in the literature. In the case of MTCA and MFCA, their
complexation could be favored in polar solvents due to the hydrophobic nature of the extended flat
fluorophore, favorable stacking and van der Waals interactions as well as a quadrupole
arrangement allowing strong coulombic coupling. An head-to-tail orientation of the two dyes
should favor intermolecular PET, because the nucleobase donor in one species would be in contact
with the chromone acceptor of the other species (Figure 5). Thus, the complexation of MTCA and
MFCA and photo-induced formation of poorly emissive radical ion pairs likely dominate the
photophysics of these dyes in polar protic solvents.

Figure 5. Proposed representation of the complexed, radical pair structure (Photo generated from Chimera)

The 8-aza series (MTC8A and MFC8A) behaves differently. They showed reduced redshifts of
their emission maxima along with the increase in solvent polarity (e.g. from 453 nm in i-PrOH to
474 nm in MeOH for MFCB8A) and bright emissions in polar protic solvents (e.g. 30% in water
for MFCB8A). Importantly, the emission spectra remain unchanged even down to the 1-2 nM range
for both dyes by contrast to MTCA and MFCA (Figures S11 and S12). These results suggest that
the MTC8A and MFCB8A were observed as monomers in MeOH solution at all studied
concentrations from nM to uM. Since the two types of dyes have the same size and area, the only
difference between them is the introduction of an electron-withdrawing nitrogen at the 8 position
on the nucleobase. This considerably reduces the electron-donating ability of 8d7A as evidenced
by the increased of the oxidation potential (Table 1, compare 1.81 and 1.46 V for 8d7A and d7A,
respectively). Therefore, the difference between the oxidation potential of the donor and the
reduction potential of the acceptor increases. As a consequence, the propensity to form charge
transfer complexes between the 8d7A donor and the MTC or MFC acceptor should be greatly
affected by contrast to that formed with d7A. Previous reports have shown that the association
constant of donor/acceptor complexes decreases as the difference in the redox potential decreases
[3536] albeit they form at concentrations several orders of magnitude higher than those required for
MFCA and MTCA. Our data highlight that the difference in the redox potential is one important
contributor to the complex association for our dyes.



4. Acidic-mediated inhibition of PET process

Protonation of amines linked to weakly emissive systems is a common way to switch on their
fluorescence Y. The purine bases have 2 electron-rich centers at N3 and N1 atoms with pKa of
around 4.3 2 In acidic media, the most basic nitrogen N1 will be protonated. Protonation of the
purine base should therefore reduce its electron-donating ability and disrupt both the complex
formation and electron transfer process (Figure 6). To check this hypothesis, the absorption and
emission spectra of MFCA and MTCA in MeOH and H20, with and without adding TFA (0.5%
v/v), were investigated. Upon addition of this strong Brgnsted acid, turn-on emissions were
recorded (Figures 6 and S13). For instance, the poor quantum yields (<1%) of MTCA increased
to 35% and 6 % for acidified MeOH and H2O solutions, respectively. Analysis of the excitation
and emission spectra of MFCA and MTCA in acidified MeOH (TFA, 0.5% v/v) at different
concentrations leads to the same conclusion as for MTC8A and MFC8A (Figures S9 and S10),
that only the monomer spectra are observed at all concentrations used here.
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Figure 6. Substantial fluorescent turn-on signal of MTCA upon TFA addition (absorption spectra at 11uM (left) and
33 uM (right) in grey and black, emission spectra at 2juM in red and rose. Absorption and emission maxima are given
in nm and quantum yields in% above the emission maxima (determination of quantum yields took into account the
change in absorbance at the excitation wavelength at 370 nm).

5. Direct observation of PET on conjugated system using UV-Vis TA spectroscopy

To further support the proposed PET reaction and observe the corresponding reaction kinetics, we
used femtosecond UV-Vis transient absorption (TA) spectroscopy. Methanolic solutions of
MTCA, MTCB8A and MTCA with TFA (5%o v/v) - as well as MFCA, MFC8A and MFCA with
TFA (5%o vIv) - were prepared at a concentration of 330 pM (i.e. absorbance A = 1/mm at Amax)
and investigated by TA, with a 60 to 70 fs time resolution, using a 370-nm pump pulse, and a
white-light probe pulse offering an absorption detection window spanning from 330 to 700 nm.
The experimental set-up is the same as previously described 3 (see also SI). Quantitative analysis
of the TA data is performed by global analysis (see SI) and illustrated by presenting the so-called
decay-—associated spectra (DAS, shown in the SlI), which reveal the time scales and associated
spectral modifications characterizing the TA decay kinetics recorded across the entire UV-Vis
observation window.
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Figure 7. TA data (AA) measured upon 370 nm excitation of methanol solutions of MTCA (left), MTCA+TFA
(middle), and MTCB8A (right). A selection of transient spectra at early (first line: panels a,d,g), intermediate (second
line: panels b, e, h) and later pump-probe time delays (third line: panels c, f, i) are displayed to illustrate the spectral
evolutions observed on various times scales and highlighted by the black arrows.

Immediately after excitation, the early signature of the first excited state S; is similar in the three
samples (0.2 ps spectra in Figure 7, three panels of the first line). We identify the ground-state
bleach (GSB) as a negative signal around 380 nm, a stimulated emission (SE) band - also a negative
signal - around 450 nm, and a positive excited state absorption at wavelengths > 500 nm. Early
spectral relaxation occurs in all three samples already within the instrument response function, and
with a 0.5 to 0.6 ps time scale (see Supplementary Figure S16), likely due to fast solvent relaxation
[“41 and possibly to early vibrational relaxation out of the Franck Condon region. Then, in the case
of MTCA, the early SE and ESA band decay on the 2.8 ps time scale, corresponding to the
formation of a first transient state that we name U, which is still and excited state (possibly the
MTCA complex in a different conformation), since the GSB does not recover on this time scale
(Figure 7 panels a and b). This state then decays on the 12 ps time scale to form a new state, that
we name V, characterized by an intense absorption band around 510 nm and a new, weak
(negative) SE band at A>610nm (see the 30-ps spectrum in panel b), while still hardly any recovery
of the GSB signal occurs. The V state then decays with a 100-ps time scale, with the TA signal
decaying completely to zero while keeping the same shape (see panel c), thus indicating the
reformation of the original ground state on this time scale. The two successive SE bands observed
here — i.e. at 450 nm with a 2.8ps lifetime, and >610nm with a 100-ps lifetime - must be closely
related to the emission spectrum displayed for the same compound in Figure S4. In the observed
spectroscopic signatures of the transient V state, the intense (positive) 510-nm ESA band overlaps
and masks the (negative, less intense) SE band which is expected to be maximum at 580 nm,
according to the steady state spectrum (see Table 2). Due to this spectral overlap and larger
intensity of the ESA signal, we actually only observe the red tail of the V emission in the TA data.
The 450-nm SE band of the initially populated S; state is very short-lived and its contribution to
the steady-state emission spectrum — expected in its high-energy tail — is strongly quenched.

In the case of MTCB8A, following the early, sub-ps kinetics attributed to solvation and early
relaxation away from the FC region, the SE and ESA bands both red-shift with a 7.0 ps time
constant (see Figure S16). Further redshift of the SE band towards 470 nm occurs together with a



slight decay of the ESA band on the 30-ps time scale (Figure S16). This overall multiexponential
spectral relaxation is possibly due to structural reorganization of the MTC8A monomer excited
state, resulting in the formation of the 469 nm emissive state detected by steady state emission (see
Table 2), that we name U’. Here, the long-lived 470 nm SE band is not hidden by any overlapping
ESA and therefore in perfect agreement with the observed steady-state emission. No strong ESA
band at 510 nm corresponding to the MTCA V state is observed here. The U’ lifetime is measured
to be 1.0 ns (see Figure S16). Unlike for MTCA, the TA signal of MTCB8A does not return to zero
within the maximum 5ns time scale achievable in our TA experimental set-up, meaning that the
U’ state does not decay back to the original ground state, but to a long-lived (>>5ns) photoproduct
(PP) state. Specifying the nature of this PP would require complementary investigations and is
beyond the scope of this work.

Upon acidification by addition of TFA, the TA signal of MTCA+TFA resembles that of MTCB8A,
with no intense ESA band at 510 nm, but a multiexponential spectral relaxation, resulting in the
red shift of the initial SE band towards 490 nm. The slowest component of this multiexponential
relaxation is found to be 23 ps (see Figure S16) and characterizes a decay of the SE and ESA bands
while the GSB remains constant. The time scale is similar to that of the formation of the U’
intermediate in MTCB8A, we therefore also name U’ the transient state formed on the 23-ps time
scale in MTCA in the presence of TFA. Importantly, MTCA is strongly fluorescent in the
presence of TFA (with Aem=509 nm and ®=35%, see Table 2). Therefore, we must describe the
apparent decay of SE on the 23-ps time scale as the rise of an underlying ESA, leading to a net
decay of the TA signal to zero at 480 nm, as a result of two significant but cancelling positive
(ESA) and negative (SE) contributions. This emissive U’ state is then observed to decay on the 2.2
ns time scale, with no further spectral modification, to reform the original ground state, as indicated
by the TA signal decaying fully to zero on this time scale. The same TA data, analysis and
interpretation hold for the MFCA, MFC8A and MFCA+TFA methanol solutions as shown in
Supplementary Figure S17 and S18.

All together our data are consistent with the following plausible scenario (Figure 8). In polar protic
solvents, MTCA or MFCA exist in their ground states most likely as face-to face complexes in
head-to-tail relative orientation (vide supra). Light absorption of these complexes generates a first
transient U state within the first 3ps (vibrational relaxation), which rapidly (12ps) leads to the V
state characterized by a strong absorption band at 510nm (MTCA, Figure 7c¢) or 490 nm (MFCA,
Figure S17) and weak emission band at 580 nm (MTCA & MFCA, Table 2) or 571 nm (MFCA,
Table 2). Based on the relative oxydo-reduction potentials and accompanying discussion above,
we interpret the V state as resulting from an intermolecular electron transfer from the d7A donor
part of one molecule to the MTC or MFC acceptor part of the other molecule of a ground state
preformed complex. On the 100-ps time scale, this geminate radical ion pair would recombine so
as to reform te the ground state, therefore quenching the already weak 580/571 emission and
explaining the very low emission quantum yield (~1%) of these species.
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Figure 8. Schematic representation illustrating the formation of ground state complexes favorable only for MFCA
and MTCA, PET and radical ion pair products. For clarity, H-bonding with the protic solvent was not presented. The
proposed representation of the dimer structure was generated from Chimera (ref 4%).,

On the other hand, our data did not bring any evidence of the existence of ground state complexes
for MTC8A or MFCB8A. After excitation of MTC8A or MFCB8A, a multiexponential spectral
relaxation is assigned to excited state conformational relaxation producing the U’ excited state
characterized an emission spectrum centered at 469/464 nm and a 1-ns-long lifetime in good
agreement with a high quantum vyield of these nucleoside analogs in MeOH (36-38%).
Interestingly, acidified solutions of MTCA or MFCA (5%o vol of TFA in MeOH) show results
similar to those of MTC8A or MFCB8A. A strong spectral relaxation on a comparable time scale
yields to a 2-ns-long lived U’ state emissing fluorescence around 508/501nm, with no sign of the
510 nm absorption characterizing the V state in the absence of TFA (Figures 7 and S17). As the
introduction of an electron withdrawing nitrogen at position 8, protonation of d7A reduces the
electron-rich properties of the nucleobase, which should raise its oxidation potential. As a
consequence, no ground state complexation occurs, and the monomer keeps a long life time
explaining the quantum yields (35-41%) of MTCA and MFCA upon acidification with TFA in
MeOH (see Figure 6).

Conclusion

In the field of fluorescent sensors based on donor-bridge-acceptor fluorophores, intramolecular
PET is generally proposed to account for fluorescence quenching 5481, Our data are consistent



with a different scenario. MFCA and MTCA likely formed head-to-tail complexes in the ground
state in polar protic solvents. Upon excitation, such configuration should be favorable for
intermolecular proton coupled PET from the electron donor nucleobase to the electron acceptor
chromone. Photoexcitation of these complexes produce a weakly emissive and short-lived state
that we assign to a adical ion pair produced by PET,and responsible for the low emission quantum
yields. Whether, the monomer is itself quenched by intramolecular PET is a question that remains
unanswered because the photophysics of these compounds was dominated by the formation of
ground state complexes even at very low concentrations. Will through-bond electron transfer be
competitive in this case [“7*®1? Incorporation of MFCA and MTCA into double stranded DNA
may help to answer this question because adjacent natural nucleobases should shield the 7dA base
from complex formation while exposing the electronically coupled chromone to the major groove
and water 91, In the light of our results, it would be interesting to know if formation of poorly
emissive charge transfer complexes is particular to our compounds or more common to donor
electronically coupled to acceptor %%2. Answering this question could help reconsidering
conjugates that may have been eliminated too quickly as fluorescent probes of biomolecular
structures and interactions. On the other hand, protonation of the purine base or introduction of an
electron-withdrawing nitrogen at position 8 of the nucleobase are expected to disfavor the putative
electron transfer. Certainly, they are observed to prevent complex formation and the corresponding
monomers are highly fluorescent. Introduction of the new conjugates into DNA and photophysical
characterization of the labeled DNA are currently in progress.
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