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Although biological imaging is mostly performed in aqueous media, it is hardly ever considered that water
acts as a classic fluorescence quencher for organic fluorophores. By investigating the fluorescence
properties of 42 common organic fluorophores recommended for biological labelling, we demonstrate
that H,O reduces their fluorescence quantum yield and lifetime by up to threefold and uncover the
underlying fluorescence quenching mechanism. We show that the quenching efficiency is significantly
larger for red-emitting probes and follows an energy gap law. The fluorescence quenching finds its
origin in high-energy vibrations of the solvent (OH groups), as methanol and other linear alcohols are
also found to quench the emission, whereas it is restored in deuterated solvents. Our observations are

. 4 30th S ber 2020 consistent with a mechanism by which the electronic excitation of the fluorophore is resonantly
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Accepted 18th November 2020 transferred to overtones and combination transitions of high-frequency vibrational stretching modes of

the solvent through space and not through hydrogen bonds. Insight into this solvent-assisted quenching
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Introduction

Fluorescence spectroscopy and imaging have become common
tools for non-invasive, real-time, and high-resolution visuali-
zation and detection of biomolecules and biomolecular
processes in cells. They usually rely on the use of extrinsic flu-
orophores that can be selectively chemically or genetically
attached to target biomolecules. In many applications, the ideal
fluorophore should not only be bright, i.e. display a high molar
absorption coefficient and a high fluorescence quantum yield,
but also photostable and soluble in water* since most biomo-
lecular processes take place in an aqueous environment. In part
owing to a push in the development of organic dyes alongside
the advent of single-molecule and super-resolution imaging,
a fairly large number of commercially available small organic
fluorophores, typically deriving from just a handful of different
core structures (e.g. cyanines, rhodamines, oxazines), nowadays
meet these requirements.”
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a justification for protecting organic fluorophores from the solvent via encapsulation.

When it comes to the choice of a fluorophore to tag
a biomolecule, it is nonetheless often overlooked that water,
which is ubiquitous in biological environments, is a weak, yet
well-known fluorescence quencher.® Although the specified
fluorescence quantum yield of commercial organic dyes is
typically in the 0.3-0.9 range, it is not unity and usually lower in
water than in organic solvents. Stryer reported over 50 years ago
that H,O quenches the fluorescence of several organic chro-
mophores containing proton donor groups.* More importantly,
he further noted that their fluorescence quantum yield
increases significantly in D,O, indicating that D,O is a much
poorer quencher than H,O. A few years earlier, it had already
been observed that the luminescence of rare earth metal ions
was also inhibited in complexes in which H,O was present as
a ligand in the first coordination sphere, while D,O had a much
weaker impact.>® Many subsequent studies have confirmed an
isotope effect on the emission quantum yield and excited-state
lifetime of chromophores in water’*® and in other solvents.**>*
The general picture which emerges is that the solvent, and water
in particular, can act as a classic quencher able to compete with
radiative and other non-radiative deactivation processes (Fig. 1),
and that the solvent-assisted quenching can be selectively and
significantly reduced in deuterated solvents. We recently made
use of this effect to improve fluorescence imaging of biological
samples in a solution environment in which H,O has been
replaced by D,0, demonstrating that this simple substitution
leads to a better localization precision in single-molecule based
super-resolution imaging.>>*®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Jablonski diagram summarizing the excited-state dynamics of
organic fluorophores in a solvent acting as a quencher. Deactivation of
the excited state of the fluorophore (described by the rate constant ks;)
occurs through radiative processes (radiative rate constant k.q),
intramolecular non-radiative processes (non-radiative rate constant
kar), and quenching interactions with the solvent (solvent-assisted
quenching rate constant k).

Whereas the mechanism leading to fluorescence quenching
by water and to its kinetic isotope effect has been elucidated in
detail for inorganic ions such as Eu*" or Tb*" in coordination
complexes in which H,O or D,O are bound as covalent ligands
to the luminescent centre,>° its exact nature remains elusive
in the case of organic fluorophores surrounded by loose water
as the solvent. For metallic ions, non-radiative energy transfer
to stretching vibrations of coordinated or nearby O-H oscilla-
tors for which Franck-Condon overlap with energy levels exist is
responsible for the quenching, and its efficiency depends on the
energy gap between the emissive and ground states of the
metal.** With organic molecules, different mechanisms have
been called upon depending on the molecular system.** Stryer
and others have suggested that excited-state proton transfer
between the chromophore and water be responsible for the
lower fluorescence quantum yield observed in H,O compared
with D,0.%3%%* Reversible electron transfer between the probe
and water has also been discussed as a possible cause for
fluorescence quenching by H,0**** but fails to explain the
fluorescence enhancement observed in D,O. In most instances,
hydrogen bonding interactions in the absence of proton trans-
fer or proton-coupled electron transfer are invoked in the so-
called hydrogen-bond-assisted non-radiative deactivation of
fluorescent dyes in water and in other hydrogen-bonding
solvents.®**** Recent insight into this process provided by
ultrafast transient IR spectroscopy in organic solvents suggests
that its efficiency depends on the strength of the H-bonds
between the probe and the solvent, with superprotic solvents
leading to an efficient, ultrafast quenching.* Therefore, this
mechanism cannot either explain why common organic fluo-
rophores such as oxazines or cyanines display a fluorescence
enhancement of up to 150% in D,O, as recently observed.**?**
Ermolaev and Sveshnikova proposed that resonant energy
transfer to high-energy vibrations of the solvent be responsible
for the quenching of metal ions and small molecules such as
NO’>~ by water, provided a quantum mechanical framework,
and hypothesized it could also apply to complex organic
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molecules, but no general experimental demonstration was
provided.*>**

We therefore set out to more systematically explore the
quenching induced by water and other solvents with 42 organic
fluorophores, all of which but one are commercially available
and recommended for biological labelling. We observe that the
quenching efficiency is stronger for red-emitting than for blue-
emitting fluorophores and that it exponentially depends on the
So-S; energy gap of the dye. The quenching requires the pres-
ence of high-frequency vibrational modes in the solvent via OH
groups which lead to a weak solvent absorption band around
750 nm and above, but does not depend on the hydrogen-
bonding strength of the solvent. Our findings are consistent
with a dipole-dipole resonance energy transfer mechanism
between the electronically excited dyes and vibrational combi-
nation bands of the solvent.

Results

Generality of the fluorescence quenching by water and
methanol

We recently reported that the fluorescence quantum yield of
several oxazine and cyanine dyes increases by 10-150% in D,O
compared to H,0.**® Driven by this observation, we set out to
investigate other dye classes to look into the generality of the
quenching of organic fluorophores by H,O and selected 42
common fluorophores recommended for biological imaging
(Fig. 2a, S1-S2, Table S1}). The dyes are all related to the
xanthene, acridine, carborhodamine, oxazine, and cyanine dye
families, have large molar decadic absorption coefficients (e,
Fig. 2b), and absorb and emit across the visible spectrum and
into the near infrared (Fig. S31). They show rather small Stokes
shifts (<1100 cm ™" in water), are known to display little sol-
vatochromism, and are therefore generally not used as
environment-sensitive fluorescence probes, but rather as robust
intensity markers for the detection of biomolecules. We
measured their fluorescence quantum yield, @4, and excited-
state lifetime, 1g,, in H,0 and in D,O (Fig. 2¢, d, S4-S6, Table
S21), and found that both parameters are between 5 and 205%
larger for all dyes in D,O (Fig. 2e, Table S27), thereby estab-
lishing the generality of the quenching of these common fluo-
rophores by H,O as the solvent. It is striking that the dyes
showing the largest fluorescence enhancement in D,0O, and
therefore the strongest quenching in H,O, are the ones
absorbing and emitting at longer wavelengths (>650 nm),
whereas the enhancement is only on the order of 5-15% below
600 nm.

We further compared the fluorescence properties in per-
deuterated methanol (MeOH-d4) and in methanol (MeOH) for
a selection of these dyes (Fig. 2f). The fluorescence quantum
yield and lifetime are higher in MeOH than in H,O but very
similar in MeOH-d4 and in D,O (Table S3, Fig. S7-S87), leading
globally to lower enhancement factors in methanol than in
water and pointing to less efficient, but nonetheless existing
fluorescence quenching in MeOH. The wavelength dependence
of the fluorescence enhancement is analogous in methanol and
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(a) General molecular structures of the investigated dye families and commercial names of the tested fluorophores. Full dye structures are

given in Fig. S1-S2.} (b) Molar decadic absorption coefficient of the investigated fluorophores at their peak absorption wavelength (as provided
by the manufacturer), (c) measured fluorescence quantum yield in H,O, and (d) measured S; excited-state lifetime in H,O as a function of their
So—S1 energy gap. (e) Fluorescence enhancement of the investigated dyes in D,O with respect to H,O and (f) in MeOH-d4 with respect to MeOH,
measured as the ratio of the excited-state lifetime in the deuterated and in the protonated solvent. Error bars reflect the estimated uncertainty
arising from the measurement of the excited-state lifetimes. (g) Brightness (e- @) distribution of the investigated dyes in H,O (hollow circles) and
D,0 (filled circles). The grey dashed line underlines the general trend for the maximal observed brightness in H,O, the black dashed line the trend
in D,O; both lines merely serve as a guide to the eye. In (b—qg), every dye is represented by a full circle at the wavelength corresponding to its So—

S; energy gap.

in water, with red-absorbing dyes showing a fluorescence
increase of up to 77% in MeOH-d4 compared to MeOH.

A plot of the brightness (defined as ¢- @g) of these standard,
well-behaved fluorophores in H,O as a function of their So-S;
energy gap (measured as the midpoint between the absorption
and emission maxima on an energy scale) exhibits a bell shape
with a maximum in the green-orange spectral region rather
than a steady, linear rise (Fig. 2g). Since the molar absorption
coefficient of these dyes generally increases with the chromo-
phoric size and thereby with the absorption and emission
wavelengths (Fig. 2b, Table S17), the decrease in brightness at
long wavelengths arises from lower fluorescence quantum yield
values in the red part of the visible spectrum (Fig. 2c). Although
the fluorescence quantum yield is expected to decrease as the
So-S; energy gap becomes smaller because of more efficient
internal conversion,*® the latter process alone cannot explain
the strong wavelength dependence of the observed isotope
effect. Switching the solvent from H,O to D,O effectively enables
to increase the brightness of the fluorophores by modulating
their fluorescence quantum yield, especially at long emission
wavelengths (Fig. 2g). Similar conclusions can be drawn for
MeOH-d4 with respect to MeOH.

1354 | Chem. Sci., 2021, 12, 1352-1362

Solvent-assisted quenching through solvent OH moieties

In order to gain better insight into what factors control the
quenching efficiency at the molecular level, we investigated the
influence of the structure of the solvent molecules on the
fluorescence properties of ATTO655, a red-emitting oxazine dye
whose fluorescence is efficiently quenched by H,O and MeOH.*
We determined its fluorescence lifetime in D,O and in aceto-
nitrile (ACN) solutions in the presence of increasing quantities
of H,O or MeOH (Fig. 3a). In D,O, the fluorescence lifetime
decreases steadily with increasing amounts of H,O from 3.9 ns
in pure D,O to 1.9 ns in pure H,O. The fluorescence quantum
yield decreases concomitantly (Fig. 3b, S9at), suggesting
a constant radiative lifetime and a purely dynamic quenching
process.*® In acetonitrile, the change in fluorescence lifetime
with varying quantities of H,O also closely follows the change in
fluorescence quantum yield (Fig. 3a, S9bt). The curves are
however biphasic: the decrease of the fluorescence lifetime is
steeper at low than at high H,O concentrations, pointing to
preferential solvation of the electrically charged fluorescent
probe by water.”” With MeOH as a quencher in ACN, the
decrease in excited-state lifetime is also steeper upon addition

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Excited-state lifetime of ATTO655 in D,O/H,0, ACN/H,0, or ACN/MeOH mixtures as a function of the volume fraction x, of H,O or

MeOH. Dashed lines serve as guide to the eye to emphasize deviation of the curves from linearity. (b) Evolution of the fluorescence spectrum of
ATTOG655 in D,O upon addition of increasing amounts of H,O (at constant dye absorbance). The red curve corresponds to the fluorescence
spectrum in pure D,O and the blue curve in pure H,O. (c) Excited-state lifetime of ATTO655 in various protonated (blue) and partially or fully
deuterated (red) solvents. The two dashed lines indicate the lifetime levels observed in alcohols (lower) and in other non-alcoholic polar solvents
(upper). (d) Solvent-assisted quenching rate constant ks determined for ATTO655 in the same solvents as in (c), with the assumption k,, = 0 in
acetonitrile-d3. (e) Excited-state lifetime of various fluorophores in H,O, 2-propanol, and HFIP. The similarity of the lifetime values in 2-propanol
and HFIP indicates that the H-bond strength does not significantly influence the fluorescence quenching process. All error bars reflect

uncertainties on the lifetime measurements.

of small concentrations of MeOH than at high concentrations,
indicating that MeOH as well preferentially solvates ATTO655
compared to ACN. The overall decrease of the excited-state
lifetime is however smaller than in H,O, confirming that
MeOH is a less efficient quencher than H,O.

A Stern-Volmer analysis of the quenching by H,O in D,0O
(Fig. S9at) yields a dynamic quenching rate constant of 4.8(1) x
10° M~ s7". As the rate constant of diffusion in water is = 6 x
10° M~ s *¥ it can be safely concluded that a molecule of H,O
is a very inefficient quencher per se. The quenching process by
water is however rendered efficient and observable owing to the
high quencher concentration in the direct surroundings of the
fluorescent probe (up to 55.5 M).

We next set out to determine which features of the solvent
cause it to quench the fluorescence of ATTO655. We measured
the fluorescence quantum yield and the excited-state lifetime of
ATTO655 in various polar solvents, which included several
linear alcohols, non-alcoholic solvents, as well as some partially
or fully deuterated solvents (Fig. 3c, S10, Table S47}). The longest
excited-state lifetimes (~4.5 ns) were observed in acetonitrile,
nitromethane, and acetone, polar solvents that do not bare any
alcohol functional group. Introduction of a single OH group
onto a solvent alkyl chain is sufficient to cause partial fluores-
cence quenching with a reduction of the excited-state lifetime of
ATTO655 to ~3.7-3.8 ns in all linear terminal alcohols from
ethanol to 1-heptanol, as well as in 2-propanol. The excited-state
lifetime further decreased slightly with smaller methanol, was
lowered significantly in the diol ethyleneglycol, and reached its
minimum in H,O. Altogether, these observations indicate that
the density of OH groups around the probe controls the

© 2021 The Author(s). Published by the Royal Society of Chemistry

efficiency of the quenching by the solvent molecules. The fact
that the dye excited-state lifetime does not depend on the
hydrocarbon chain length of the monoalcohols is in line with
preferential solvation of the polar probe by OH moieties as
observed in MeOH (Fig. 3a).

The importance of OH groups and, in particular, of O-H
vibrations in the quenching process was confirmed by
measurements of the excited-state lifetime of ATTO655 in
partially or fully deuterated solvents (Fig. 3c, S10f). Whereas
perdeuteration of the polar non-alcoholic solvents had little or
no effect on the fluorescence (lifetime of ~4.5-4.7 ns), per-
deuteration of methanol or ethanol (EtOH) did lead to a signif-
icant increase of the excited-state lifetime and of the
fluorescence quantum yield back to the level of non-alcoholic
solvents. However, although selective deuteration of the
hydrogens on the hydrocarbon chain does weakly contribute to
restoring the fluorescence (increase of the fluorescence lifetime
from 3.3 to 3.7 ns in methanol), selective deuteration of the
alcoholic hydrogen leads to a far more significant increase of
the excited-state lifetime from 3.3 to 4.1 ns in methanol and
from 3.6 to 4.2 ns in ethanol. Interestingly, perdeuteration of
water also did not lead to a full restoration of the fluorescence
lifetime, suggesting that both CH and OD groups might still be
fluorescence quenchers, albeit very weak.

To quantify the efficiency of the quenching by every solvent,
we extracted the solvent-assisted quenching rate constant ks
(Fig. 3d, Table S47) from the lifetime data by considering the
quenching as an intermolecular non-radiative excited-state
deactivation process in addition to intramolecular non-
radiative processes such as internal conversion (Fig. 1 and see

Chem. Sci., 2021, 12, 1352-1362 | 1355
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discussion below). We first calculated the radiative rate
constant, k.4, of ATTO655 in every solvent from the fluores-
cence lifetime and fluorescence quantum yield; as expected, the
quantity keaa/n®, where n is the refractive index, was very similar
in all solvents.” With the assumptions that the non-radiative
decay constant, k,, arising from internal conversion or inter-
system crossing is essentially independent of the solvent, and
that no solvent-assisted quenching takes place in ACN-d3
(largest fluorescence lifetime), we determined a value of k., =
6.8(8) x 10” s~ ' for ATTO655. Using the relationship ks; = kraq +
knr + ks, we were thus able to compute k (Fig. 3d, Table S47). As
expected, the magnitude of k; directly mirrors the reduction in
excited-state lifetime (Fig. 3¢), its value being largest in H,O and
in ethyleneglycol, and one order of magnitude lower in
deuterated and non-alcoholic solvents. The observed kinetic
isotope effect is of 6.8 in water and of about 4-5 in MeOH vs.
MeOD or EtOH vs. EtOD. On the other hand, replacement of
C-H bonds by C-D bond leads to isotope effects of only 1.4-2.5,
clearly indicating the prevalence of the O-H vibration in the
quenching process.

Independence of hydrogen bond strength

Since O-H vibrations seem to be responsible for the quenching
of fluorescent probes by the solvent, we further tested whether
the strength of the hydrogen bond network around the probe
was relevant to the quenching process. Hydrogen-bond-assisted
non-radiative deactivation has indeed been observed with other
fluorescent probes such as eosin B or acceptor-donor-acceptor
systems.*>** Furthermore, D,O is believed to form slightly
weaker H-bonds than H,0.* In order to increase the hydrogen-
bond strength between the probe and the solvent, we used
hexafluoroisopropanol (HFIP) as one of the very few solvents
with a higher hydrogen-bond donating capability (Kamlet-Taft
acidity parameter « = 1.96) than water (« = 1.17).>"*> We found
the fluorescence quantum yield and the excited-state lifetime of
ATTO655 in HFIP (Fig. 3¢, Table S4t) to be very similar to the
values of these parameters in other alcohols, including in 2-
propanol, the non-perfluorinated analogue of HFIP. Indepen-
dence of the quenching process from the H-bond strength
between the probe and the solvent was further confirmed for
other fluorophores belonging to the xanthene, oxazine, carbo-
rhodamine, and cyanine dye classes for which no reduction in
the excited-state lifetime was found in HFIP compared to 2-
propanol (Fig. 3e, S11, Table S57).

Discussion
Quenching by the solvent follows an energy gap law

By investigating the fluorescence quantum yield and excited-
state lifetime of 42 different dyes belonging to 5 common dye
families, we found that they are all more fluorescent in D,O
than in H,O or in MeOH-d4 than in MeOH. Overall, our data
indicates that, after excitation of the dyes, and on top of fluo-
rescence emission and standard solvent-independent non-
radiative decay processes (essentially internal conversion for
these chromophores), an additional solvent-dependent non-

1356 | Chem. Sci, 2021, 12, 1352-1362
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radiative relaxation mechanism seems to be operative with
higher efficiency for red-emitting than for blue-emitting dyes
(Fig. 1). Because of the observed isotope effect upon replace-
ment of OH by OD groups, we must further conclude that the
quenching is related to the presence of high-energy vibrational
modes in the solvent and that it amounts to an energy transfer
from the electronically excited dye (F) to vibrational modes of
the solvent (S) as described by the scheme:

hv ks=kqS]

F4+ SO F® s F 4 b (1)

The rate constant associated with the quenching by the
solvent, kg, can be directly related to the bimolecular Stern-
Volmer quenching rate constant, kg, through the quencher
concentration (see ESIYt).

The total excited-state decay rate constant ks, (inverse of the
excited-state lifetime 75, ) of these dyes can be written as the sum
of all decay channels, namely ks; = kraq + knr + ks, Where kpoq is
the radiative rate constant, k. the solvent-independent non-
radiative rate constant and ks the decay rate constant specifi-
cally associated with the quenching by the solvent. Since the
solvent-independent non-radiative decay arises mainly from
internal conversion with these dyes which do not undergo
intersystem crossing efficiently,* k,, is essentially identical in
a protonated solvent (H,O or MeOH) and in its deuterated
analogue (D,O or MeOH-d4).> Also the radiative rate k.,q does
not change between the solvents (Tables S2 and S4t). The
difference in the excited-state decay rate constant of any fluo-
rophore in H,O and in D,0, Aksy, can thus be written as

Aksy(water) = ks1(H0) — ks1(D20) = ky,0 — kp,o = kn,o (2)

where ky o and kp o are the rate constants associated with the
quenching process in either isotopic form of the solvent (k),
and with the assumption that kg0 > kp,o. Data for the dye
ATTO655 in various solvents shows that the latter assumption is
experimentally reasonably verified (Fig. 3d, Table S4f).
Furthermore, for the dyes for which we performed a Stern-
Volmer analysis of their quenching by H,O in D,O, the rela-
tionship between measured k, and measured Akg; = ks = kg[S]
holds true within experimental uncertainty. By analogy with
water, a similar relationship can be established in methanol:

AkSI(methanol) = kSI(MeOH) — kSI(MeOH-d4) = kMeOH (3)

Plots of Akgy = kiy,0 0or Aks; = kmeon as a function of the So-
S, transition energy of the dyes, AEy,, the so-called energy gap,
show a decaying exponential relationship between the two
quantities for small and medium energy gaps, which translates
into a straight line on a semi-logarithmic scale (Fig. 4). The non-
radiative decay taking selectively place in H,O and MeOH thus
follows an energy gap law of the type*

ks = Akg; = Aexp(—{AEy) (4)

where 4 is a preexponential term and { an attenuation factor.
For energy gaps up to ~2.1 eV (~600 nm), the observed trend

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Solvent quenching rate constant in water and (b) in meth-

anol as a function of the So—S; energy gap of each fluorophore. The
colour coding of the data points is the same in (a) and (b). Black lines
represent trends to the data points at energy gaps up to ~2.1 eV. The
grey line in (b) indicates the trend for ko determined in (a). Error bars
were determined from the estimated measurement uncertainty on the
fluorescence lifetime.

can be well reproduced with values of A= 5.6 x 10"* s~ ' in H,0,
A =1.8 x 10" s in MeOH, and an attenuation factor { = 8.1
eV~ in both solvents.

The values for the pre-exponential factor A are in line with
expectations for a non-radiative process involving vibra-
tions,**** while the attenuation factor is higher than what was
found for the intramolecular non-radiative deactivation of
families of aromatic hydrocarbons, azulenes, carotenoids, or
fluorenones ({ = 5-7 eV '),*»**% which typically involves
internal conversion or intersystem crossing. The large { value
observed here indicates a stronger dependence of the investi-
gated quenching process on the energy gap and thus predicts an
efficient deactivation at small energy gaps, more efficient than
internal conversion, and an inefficient deactivation at large
energy gaps. The observed deviations from the trend at energy
gaps larger than 2.1 eV most probably arise from the fact that
other intramolecular deactivation processes, in particular
internal conversion, become more efficient than quenching by
the solvent and that the measured differences in excited-state
lifetime in protonated and deuterated solvents become very
small (larger uncertainty on k).

Quenching fluorophores by resonance electronic-to-
vibrational energy transfer via dipolar coupling

The energy gap law has been successful, in its weak coupling
limit, at correlating the rates of radiationless decay of the lowest
excited singlet and triplet states of families of aromatic hydro-
carbons with their S;-S, and T;-T, energy spacings and is very
helpful at phenomenologically describing the data. However, by
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essence, it does not provide any insight into the quenching
mechanism, other than that it is compatible with a deactivation
of the dye electronic energy mediated by a vibration of the
solvent. Vibrations of water are remarkable in that they are the
only known vibrations responsible for the natural, visible colour
of the molecule to which they belong: several overtones of O-H
vibrations in H,O absorb in the visible region, with the fourfold
combination of fundamental symmetric and/or antisymmetric
O-H stretching modes giving rise to an absorption band peak-
ing between 740 and 760 nm and conferring H,O its blue-green
colour (Fig. 5a, Table S6t).°**° Although weak (e;50 = 2 X
10"* em ™! M), this absorption is detectable over an optical
pathlength of 1 cm owing to the high water concentration (55.5
M) leading to maximal absorbance values of about 0.015 for this
band.>* Also MeOH and other linear alcohols absorb with
a similar molar absorption coefficient in the 700-900 nm
window (Fig. S121).°%* Because of the 1.4-fold reduction in the
fundamental vibrational frequency when H gets replaced by D,
no visible absorption band is detected in D,O or in perdeu-
terated alcohols under the same conditions.®*

The absorption spectrum of H,O in the visible-NIR region
arises from multiple combination bands of the fundamental
vibrational frequencies into which it can be well decomposed
using a sum of Gaussian functions centred at or very close to
reported combination frequencies (Fig. 5a, Table S67).°® It is
striking that the region in which the energy gap law is best
followed (600-800 nm in our experiments) corresponds to the
spectral region in which H,O absorbs, giving rise to a strong
overlap of the fluorescence spectra of the best quenched fluo-
rophores with the solvent absorption bands (Fig. 5b). Since the
energy transfer process involved in the quenching does not
occur through hydrogen bonds (see above) and cannot be
accounted for by a Dexter mechanism as no electronic transi-
tion takes place in the solvent (the energy acceptor), we
wondered whether dipolar coupling between the fluorophore
and the solvent could be the mechanism through which energy
is transferred (Forster resonance energy transfer, FRET). Reso-
nance vibrational energy transfer by dipolar coupling over
distances of up to 4.5 A (2 water molecules) has been observed
before between water and protons® and electronic to vibra-
tional energy transfer between nanocrystals and C-H vibrations
in their surrounding matrix environment or dioxygen and
water.®>%** Furthermore, Ermolaev and Sveshnikova correlated
the rate of electronic deactivation of the triplet state of organic
molecules and the integral of the overlap of the phosphores-
cence spectrum with the overtone absorption spectrum of
water.”” In addition, they provided a quantum-mechanical
justification for resonant energy transfer between electronic
(vibronic) excited states and isoenergetic vibrational oscilla-
tors,* obtaining an expression that coincides with the dipole-
dipole Forster expression.®”%®

Using the point dipole approximation, which can be
reasonably assumed given the extremely small magnitude of the
transition dipole moment of the solvent (uy,0 = 5 x 10" *Dand
emo0 = 2 x 10 " em™' M~ for the 750 nm band, compared with
up = 7.7-17.8 D and ¢ = 0.7-2.8 x 10° cm~ * M for the used
fluorophores, Table S1t), the rate constant for excitation energy
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Fig. 5 (a) Measured absorption spectrum of H,O on the wavenumber scale (red) and reconstructed H,O spectrum (black) after decomposition

into individual components (grey). Inset: same spectra on a larger ¢ scale (Wn: wavenumber). (b) Overlap between intensity-normalized emission
spectra of various fluorophores (dashed lines, left axis) and the absorption spectrum of H,O (black line, right axis). (c) Minimum-distance
distribution functions for fluorophores of different sizes in water. The dashed line at the first minimum indicates the size of the first solvent shell.
(d) Minimum-distance distribution functions for the fluorophore ATTO655 in different solvents. (e) Number of water molecules within the first
solvent shell of ATTO655 as a function of simulation time (1 ps time interval). The black trace was obtained by smoothing red data points (250 ps)
and highlights that the number is fairly constant. A snapshot of the molecular structure of ATTO655 and the water molecules in the first solvent
shellis given as an inset. (f) Measured water quenching rate constant ky»o (black circles) and trend line as in Fig. 4a, and calculated dipole—dipole
energy transfer rate constant kgret (red circles) in water. (g) Measured methanol quenching rate constant kmeon (black circles) and trend lines as
in Fig. 4b, and calculated dipole—dipole energy transfer rate constant keget (red circles) in methanol.

transfer by dipolar coupling, kq4;p, between a fluorophore and
one solvent molecule can be estimated by*

kaip = 1.18 V0 (5)

In this expression, kqjp is in ps~', @ is the overlap integral
between the donor emission and the acceptor absorption
spectra with their area normalized to unity on the cm ™" scale,
and V is the dipole-dipole coupling energy in cm . The
coupling is given by®**”°

5.04‘?F

Ws VLZK

V
eopd?

(6)
where LWF‘ is the magnitude of the transition dipole of the
fluorophore in D, | &5 | the magnitude of the transition dipole of
a solvent molecule in D, « the orientational factor, d the
distance between the dipoles in nm, f; = (e, + 2)/3 is the Lor-
entz field correction factor, and ¢,, = n® the dielectric constant
at optical frequencies, with n being the refractive index of the
solvent.

Every dye molecule is however not surrounded by one, but by
several tens of solvent molecules which can all independently
quench its excited state.> The total deactivation, kgrgr, induced
by N solvent molecules each contributing in average by kg, to
the excited-state decay is therefore given by

1358 | Chem. Sci, 2021, 12, 1352-1362

kerer = Nkaip 7)

Using eqn (5)(7) to estimate the rate of non-radiative deac-
tivation by the solvent requires prior knowledge of the number of
solvent molecules contributing to the quenching, as well as their
average distance and relative orientation to the solute. Because of
the very small transition dipole moment of water, it seems
reasonable to assume that only water molecules in the first
solvent shell are likely to contribute to quenching the fluo-
rophores. Estimation of the Forster radius (also known as critical
quenching radius), R, from the spectral overlap integral and the
unquenched excited-state lifetime in D,O indeed leads to values
for red-emitting dyes between 0.2 and 0.3 nm, that is, on the
order of the size of one water molecule (Fig. S13, Table S77).
Molecular dynamics (MD) simulations of several fluorophores of
different sizes, including ATTO655, ATTO647N, and bimane,”
one of the smallest known fluorescent dyes, reveal the size of the
first water solvent shell determined from the minimum-distance
distribution function to be about 0.45 nm and independent of
the nature of the fluorophore (Fig. 5¢). The minimum-distance
distribution function is calculated with respect to the distance
between the centre of mass of the solvent and the closest atom of
the solute (see ESIf). It therefore does not correspond to the
distance between the transition dipoles of the fluorophore and of
the solvent, but provides a lower limit to this quantity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Increasing the size of the solvent molecules shifts the size of
the solvent shell radii to 0.49 nm in methanol and 0.54 nm in
ethanol with the probe ATTO655 (Fig. 5d). Using a simple
counting procedure, we determined the average number of
solvent centres of mass within the first solvent shell for each
frame in the simulation. For ATTO655, this number averages to
86.1 + 3.8 in water (Fig. 5e) and to 50.2 + 2.6 in methanol
(Fig. S147). For ATTO647N, the number of water molecules in
the first solvent shell is 96.5 + 4.2, while it is 43.6 + 2.7 for
bimane (Fig. S141), indicating that this number may change at
most by a factor up to 2 or 3 between the smallest and the
largest investigated probes in our study (all are larger than
bimane).

With the results of these MD simulations in hand, we eval-
uated the contribution of every vibrational overtone component
of the H,O absorption spectrum to the excited-state decay of
a given fluorophore using eqn (5), after determining the
magnitude of its transition dipole moment, its overlap integral
with the fluorophore emission, and its coupling energy with the
fluorophore (eqn (6)). We used a value of d = 0.53 nm in water,
slightly larger than the minimal solvent shell radius, to take into
account the fact that the origin of the transition dipole is
located at the centre of the chromophoric unit and not at the
edge of the molecule. The orientational factor x> was set to 2/3
after MD simulations confirmed this value for ATTO655 in
water and in MeOH, indicating an average random orientation
of the many molecules in the first solvent sphere with respect to
the dye (see ESI and Fig. S157). The total calculated dipole-
dipole energy transfer rate constant between one dye and one
water molecule was then obtained by summing the contribu-
tions of the individual bands. Unsurprisingly, the band at
13 050 cm ™" (760 nm) displayed the largest contribution to the
decay (Fig. S16t). We found values for kq;p, the deactivation rate
of the different fluorophores by one water molecule, ranging
between 1 x 10* and 7 x 10° s™' which are too low for the
process to meaningfully contribute to deactivating the excited
state. However, by using eqn (7) and an average value of water
molecules N = 86 for all fluorophores, we obtained values for
krrer large enough to compete with fluorescence emission and
which qualitatively very well reproduce the trend of measured
quenching rate constant ks (Fig. 5f, Table S2t). Assuming
identical oscillator strength for methanol and water based on
the similarity of their absorption spectra in the 700-850 nm
region (Fig. S12%), we were further able to reproduce the
quenching rate constant measured in methanol with values of
d = 0.60 nm and N = 50 (Fig. 5g, Table S37).

The agreement between measured ks and calculated kpger iS
very good at small energy gaps, indicating that quenching of
red-emitting fluorophores by the solvent can well be described
by resonance energy transfer via dipole-dipole coupling. The
underlying assumptions to our calculations are: (1) a fixed
distance between the fluorophore and the solvent molecules,
which seems reasonable given the small size of the solvent and
the fact that only the first solvent shell contributes to the
quenching; (2) a large number of solvent molecules in the first
shell which can all independently act as energy acceptors, which
is in agreement with observations for metal ions;* although the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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number of accepting molecules was fixed here to 86 for H,O and
50 for MeOH whereas it actually varies from dye to dye
according to the molecular structure, the quantitative effect is
negligible on a logarithmic scale as expected variations are of
a factor 1.5 at most (between 60 and 120 water molecules per
dye); (3) a random orientation of the solvent molecules, which is
confirmed by MD simulations. At energy gaps beyond ~2.1 eV
(~600 nm), the predicted energy transfer rate constant
systematically underestimates the measured quenching, which
is consistent with other quenching mechanisms dominating
the non-radiative decay of the dyes, in particular internal
conversion.

Two components control the value of k4ip, namely the
dipole-dipole coupling energy and the overlap integral. A closer
look at the coupling reveals that its value is essentially constant
for all dyes, around 0.6-1.2 cm ™" (Fig. S17at), which is consis-
tent with the weak coupling limit used for the energy gap law
and with the fact that no spectral shift is observed in the
absorption or in the fluorescence when switching from H,O to
D,0. On the other hand, the spectral overlap integral displays
a strong dependence on the energy gap (Fig. S17b¥) and is
therefore primarily responsible for conferring kg its overall
exponential dependence on the energy gap, which is a mani-
festation of the proportionality of the energy transfer rate
constant to the overlap integral.”> This exponential dependence
is also reflected in the FRET efficiency which can be calculated
for every dye from &, and the unquenched excited-state lifetime
in D,O or MeOH-d4 and which provides another way of char-
acterizing the measured fluorescence enhancement in perdeu-
terated solvents (Fig. S18, Table S77).

The fact that a through-space energy transfer mechanism
dominates the excited-state decay of red-emitting fluorophores
also provides a rationale for why selective or complete deuter-
ation, fluorination, or alkylation of some rhodamines and oxa-
zines led to only a moderate enhancement of their fluorescence
quantum yield or lifetime:”*7° intermolecular quenching by
high-energy O-H vibrations of the solvent is more efficient
a process than intramolecular internal conversion via C-H or
N-H vibrations, as illustrated by the larger attenuation factor
observed in our energy gap law analysis. The importance of the
intermolecular interaction with the solvent for the quenching
was stressed in a study with several oxazines for which the
excited-state lifetime increased much more in deuterated solu-
tion than in the gas phase with deuterated dyes.”®

It should further be noted that, in addition to O-H bonds,
also C-H bonds seem to be able to weakly quench excited flu-
orophores not only intramolecularly,”®”® but also when they are
present in the solvent molecules: selective deuteration of the
hydrogens on the hydrocarbon chain of alcohols led to a small
increase of the fluorescence quantum yield and lifetime of the
oxazine ATTO655 (Fig. 3c), and a small solvent-assisted
quenching rate constant is measurable in MeOD or EtOD
(Fig. 3d). The observed isotope effect on the quenching is
however much smaller for C-H (1.4-2.5) than for O-H bonds (4-
7). One may hypothesize that the lower fundamental vibrational
frequency of C-H vibrations (~3000 cm™') compared to O-H
vibrations (~3400 cm ') makes it less likely for a suitable
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Fig. 6 Schematic representation of the proposed mechanism leading
to solvent-assisted quenching of red-emitting fluorophores by reso-
nant energy transfer to vibrational overtones and combination tran-
sitions of O—H vibrations in H,O and alcohols (R-OH). The same
process is inefficient in D,O or perdeuterated alcohols (R-OD)
because of their lack of absorption in the 700-900 nm region.

overtone or combination band with a strong enough absorption
coefficient to be in resonance with the emission of the fluo-
rophore.*® Furthermore, hydrogen bonds between the solvent
molecules lead to a strong anharmonic potential for O-H
vibrations, making the transitions to overtones and combina-
tion vibrations more likely than for C-H vibrations.*® However,
other unknown quenching mechanisms cannot be excluded, as
it was noted that also OD groups in D,O may still act as weak
quenchers (the fluorescence of ATTO655 is not fully restored in
D,0), and the existence of completely different solvent-assisted
quenching mechanisms such as, for example, reversible cova-
lent interactions with H atoms in the excited state of dyes have
been suggested.'*?°

For practical applications in which the brightness of fluo-
rescent dyes is to be improved, it seems nonetheless that pre-
venting quenching by O-H vibrations should be the most
efficient strategy. As the observed isotope effects on the fluo-
rescence quantum yield and lifetime strongly depend on the
energy gap, protecting fluorophores from solvent OH groups
seems particularly useful for red-emitting dyes,*?*® for which
fluorescence enhancements of up to 3.1 and FRET efficiencies
to the solvent of up to 67% could be observed. Similarly large
isotope effects on the fluorescence quantum yield and lifetime
were reported with other fluorophores in water* and in other
solvents'?” for probes already possessing a fluorescence
quantum yield in the protonated solvent of at least a few
percent. One should note that much stronger fluorescence
enhancements can however be reached with fluorophores for
which the quenching mechanism involves hydrogen bonding
and/or proton transfer leading to ultrafast deactivation of the
excited state.>>*°

Conclusions

By investigating the fluorescence properties of 42 fluorophores
belonging to 5 common dye classes, we found that solvents
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bearing functional groups with high-energy vibrations such as
OH moieties can act as efficient fluorescence quenchers, in
particular if the fluorophores absorb and emit beyond 600 nm.
The quenching efficiency for these dyes does not depend on H-
bonds with the solvent, but rather proceeds through space by
resonant energy transfer from the electronically excited dye to
combination bands of O-H vibrations in the (highly concen-
trated) solvent which spectrally overlap with the dye fluores-
cence (Fig. 6). The latter can be restored in perdeuterated
analogues of the solvents or in non-alcoholic organic solvents
which, in the absence of OH groups, do not absorb in the 700-
900 nm spectral region.

Resonant energy transfer from the electronic state of an
organic molecule to vibrational overtones of the solvent has
been hypothesized before to explain the quenching of the
phosphorescence of some organic molecules,** but we were able
here for the first time to demonstrate the generality of this
process for the fluorescence of large organic dyes in water and
methanol. This type of quenching is expected to take place with
any fluorophore absorbing and emitting in the 600-900 nm
spectral region, and is only observed in the absence of faster
competing processes. It might also become noticeable for
probes absorbing below 600 nm and the excited-state of which
is long-lived, as in trianguleniums (15-20 ns)*® or 2,3-
diazabicyclo[2.2.2]oct-2-ene (300-500 ns).*

Our results suggest that the quencher solvent molecules act
independently of each other, which opens the door to using
standard organic fluorophores to count solvent molecules in
their direct surroundings like it has been done with lanthanide
ions.*” Such molecular counters based on organic fluorophores
could however easily be applied in key biological environments.
Furthermore, understanding the molecular basis of this
universal quenching mechanism opens up new perspectives for
the design of brighter molecules and materials by avoiding
solvents possessing high-energy vibrations or by explicitly
shielding them from solvent molecules, for example via
encapsulation into cyclodextrins,”* cucurbiturils,®**®*® or
zeolites.*”®®

Abbreviations

AF Alexa Fluor
5CR6G 5-carboxyrhodamine 6G
TMR Tetramethylrhodamine

ICG Indocyanine green
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