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ABSTRACT: Introduction of the dialkylaminophenyl group in position 7 of
3-hydroxychromone changes the orientation of the excited-state dipole moment and
leads to superior solvatochromic properties (>170 nm emission shift in aprotic media).
The excited-state intramolecular proton-transfer (ESIPT) reaction of 7-aryl-3-hydrox-
ychromones is almost completely inhibited in most solvents. Methylation of the 3-OH
abolishes ESIPT completely and also leads to improved photostability. The probes exhibit
a ~100-fold increase in fluorescence intensity and large Stokes shifts upon binding to
membranes, reflecting differences in membrane phase and charge by a >40 nm spread in

the emission band position.

SECTION: Spectroscopy, Photochemistry, and Excited States

luorescent probes are indispensable in the study of

molecular states and interactions in solution as well as in
the biological context.'™> Of particular note is the class of
probes exhibiting solvatochromism in response to changes in
the local molecular microenvironment accompanying the
interactions* and conformational changes® of covalently or
noncovalently labeled proteins and membranes. Solvatochrom-
ism is defined as the alteration of the absorption and/or
emission properties of a chromo(fluoro)phore due to the
influence of its molecular environment and supporting
solvent.%” In the case of fluorescence, the spectral shifts and
intensity changes (enhancement, quenching) reflect differential
perturbations of the ground and excited states, such as in
solvent relaxation, molecular and conformational and positional
orientation, and noncovalent interactions (H-bonding, solvent
relaxation). The observed solvatochromism is denoted as
positive (more common) or negative depending on whether
the emission undergoes a bathochromic (red) or hypsochromic
(blue) shift, respectively, with an increase in solvent polarity.
Most of the environment-sensitive dyes exhibit strong changes
in dipole moment upon electronic excitation due to intra-
molecular charge transfer (ICT) from an electron-donor to an
electron-acceptor group. These distinctions have been ration-
alized in terms of the relative electrophilicities of the donor and
acceptor moieties.” Nonetheless, the general model of
solvatochromism does not account for specific interactions
such as the very predominant phenomenon of H-bonding, for
which the 3-hydroxychromones (3HC) are particularly
sensitive.” For general discussions of the theory and

-4 ACS Publications  © 2012 American Chemical Society

1011

SOLVATOCHROMIC FLUORESCENCE
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quantitative formalism(s) of solvatochromism, see refs 6 and
9-11.

One of the best-known micropolarity-sensitive fluorophores,
introduced by Weber and Farris in 1979, is 2-propionyl-6-
dimethylaminonaphthalene (Prodan). The chromophore has a
push—pull charge-transfer (CT) character, with electron-
donating dimethylamino and electron-withdrawing propionyl
groups located at positions 2 and 6 of naphthalene. Prodan
exhibits a large increase (4—9 D) in the molecular dipole
moment upon excitation,'>'* and recent molecular computa-
tions support experimental evidence for either planar”"® or
mixed planar and twisted (in polar media and lipid bilayers'®)
configurations as the emitting species. Thus, both conforma-
tional and electronic states contribute to the net solvatochrom-
ism of such probes, which include a number of new
compounds: extended analogues of Prodan based on
fluorene'™'” and anthracene,'® substituted naphthali-
mides," ™' and aminocyanonapthalene.”* In the case of the
3-hydroxychromones (3HC), the 3-OH group forms inter-
molecular bonds with H-bond proton acceptors and thus
reports the basicity of the microenvironment, while the 4-
carbonyl forms H-bonds with proton-donor groups and reports
on environmental acidity. In addition, 3HC derivatives undergo
excited-state intramolecular proton transfer (ESIPT), resulting
in two excited-state forms with distinct, well-separated emission
bands, a normal (N*) and the ESIPT product tautomer (T*).
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Scheme 1. Molecular Structures of the New Fluorescent Probes 7AHC and 7AMC Compared with Prodan
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Table 1. Spectroscopic Properties of 7JAHC and 7AMC in Comparison with Prodan in Selected Solvents”

Ama, aby DM Ammas, fluoy T QY, %

solvent ET(30)b 7AHC 7AMC PRO 7AHC 7AMC PRO 7AHC 7AMC PRO
heptane 31.0 357 348 343 393 388 391 26 22 1.9
toluene 339 367 361 349 442 432 417 N 46 41
1,4-dioxane 36.0 362 360 348 457 451 426 56 58 61
THF 374 365 362 350 490 470 429 N 62 58
DCM 40.7 373 368 354 503 488 429 64 59 70
DMSO 45.1 380 375 359 567 545 461 20 20 75
acetonitrile 45.6 366 363 351 559 530 454 16 16 53
1-octanol 48.1 362 373 360 532° 540 473 9.8 12.4 38.5

“The extended table with all of the studied solvents is presented in the SL “E;(30) is the polarity index (see refs 6 and 34). QY is the emission

quantum yield. “Broad emission band.

It has been previously shown that introduction of a donor
substituent (methoxy,”** dimethylamino®) in position 7 of
the 2-aryl-3HC ring increases the stability of the tautomeric
state and leads to a nearly 10 nm blue shift in absorption,
whereas electron acceptors (methoxycarbonylvinyl*® or iso-
thiocyanate”) have an opposite effect. Interestingly, none of
the substituents increase the solvatochromism of the N*
band. In view of the very low fluorescence quantum yield and
the near-UV nm absorption of unsubstituted 3HC,* all pro-
posed 3HC-based fluorophores have featured substituents at
position 2.

In this Letter, we introduce 7-aryl-3-hydroxychromone
(7AHC), a new fluorophore inspired by the pull-push CT
characteristic of Prodan and with an extended aromatic system
at position 7 of 3HC. We anticipated a change in the
orientation of the dipole moment compared to that of 2-aryl-
3HC, an increase in fluorescence intensity over that of 3HC
lacking a substituent at position 2, as well as an influence on the
dynamics of the ESIPT reaction. The 3-OH was methylated in
7AMC so as to completely abrogate intramolecular proton
transfer and thus evaluate its influence on the observed
solvatochromism (see Scheme 1).

Fluorescent compounds 7AHC and 7AMC were synthesized
starting from 3-bromophenol in four or five steps, respectively
(details are given in the Supporting Information, SI).
Absorption and fluorescence spectra were recorded in different
organic solvents and compared to those of the reference
compound Prodan. A weak positive solvatochromism was
observed for the absorption of 7AHC and 7AMC, suggesting
that the electronic excitation increases the dipole moment of
the molecules and that the orientations of the ground- and
excited-state dipoles are similar. The absorption coefficient at
the long-wavelength absorption maximum is 16 000 M~ cm™
in both aprotic polar and nonpolar solvents, a value close to
that of Prodan (18 400 M~ ecm™!)."?

In contrast to unsubstituted 3HC, 7AHC and 7AMC display
a high fluorescence intensity in most organic aprotic solvents.
The fluorescence quantum yield increases from ~0.2 in apolar
alkanes to 0.5—0.6 in solvents of medium polarity and
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diminishes gradually in polar solvents (Table 1), a common
property of dyes exhibiting large charge separation in the
excited state.'®?**° Unlike Prodan, 7AHC and 7AMC have
lower quantum yields in protic solvents (from ~0.04 in BuOH
to ~0.001 in MeOH). One possible mechanism for the
quenching is proton transfer from the solvent to the carbonyl
group of the dye.*** In view of the observation, addition of 1%
(v/v) D,0 to a solution of 7AHC in an aprotic solvent (THF)
quenched the fluorescence less than H,O (33 compared to
44%, Figure S1, SI).

The emission spectra are characterized by high positive
solvatochromism, with maxima significantly red-shifted with
respect to Prodan (Figure 1). Remarkably, the emission of the
tautomeric (T*) form of 7AHC is appreciable only in apolar
heptane and does not exceed 10% of the normal (N*) form

Heptane
Toluene
e THF
—DMSO

Normalized Intensity (a.u.)

550 600 650 700

Wavelength (nm)

450 500

400

Figure 1. Absorption spectra in THF (dashed line) and fluorescence
spectra (solid lines) of compounds 7AHC, 7AMC, and Prodan excited
at 370 nm. The values in arrows are the magnitudes of the
solvatochromic shift in passing from heptane to DMSO.
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Figure 2. Comparison of Stokes shifts (AD = D, —

I Stokes shifts in acetonitrile
I Solvatochromism (toluene-acetonitrile)

Do) and the solvatochromic magnitudes (T4 —

F-HC Antladan NBD MIeRed DCU-F Asl\él’

P4N) of various solvatochromic dyes, ordered

by the absorption maximum in acetonitrile (14Y). The numbers over the bars correspond to Stokes shifts and solvatochromism in nm. Data for
6DMAN," FRO,"* 2AMC,*' F-HC,>' Antradan,'® NDB,*® Nile Red,** DCDHF,** and AMP® are from the cited original papers.

intensity. We conclude that introduction of a donor aryl group
in position 7 increases the stability of the N* form, in contrast
to the behavior of 3HCs bearing an aryl substituent at position
2 in which donors at position 7 decrease the stability of the N*
form.** In addition, the emission maxima of the new dyes vary
strongly with solvent polarity, for example, shifting to the red
by 174 (7800 cm™) and 157 nm (7400 cm™) for 7AHC and
7AMC, respectively, upon changing from apolar heptane to
polar DMSO. The full width at half-maximum (in cm™) of the
emission bands also increases with solvent polarity due to the
shift in the positions of the maxima on the nanosecond time
scale (see time-resolved emission spectra in Figures S6—S9, SI)
probably caused by a CT reaction (ICT)** and solvent
relaxation. In apolar heptane and polar acetonitrile, for example,
the corresponding bandwidth values are 2600 and 4000 cm™*
for 7AHC and 2800 and 3600 cm™" for 7AMC. Prodan shows
only a small increase (2700 and 3100 cm™') in the same
solvents.

Compounds 7AHC and 7AMC exhibit greater solvato-
chromism than most other probes (Figure 2, green bars). The
magnltude of solvatochromlsm is double that of Prodan,'
6DMAN," antradan'® or DCDHF** and comparable to that of
fluorene derivatives F-HC>' and FRO.'* The Stokes shifts in
acetonitrile are also greater (Figure 2, red bars). Fluorophores
with a relatively small charge separation in the ground state are
more solvatochromic due to the greater relative changes in the
molecular dipole moment upon excitation.

Solvent-dependent spectral shifts are most often interpreted
in terms of a single parameter, one of the most popular being
the polarity index E(30),%*” a measure of the ionizing power
(“polarity”) of a solvent. Polar protic solvents were not used in
our study because they substantially quench the fluorescence of
7AHC and 7AMC. A linear correlation of the emission band
positions of 7AHC, 7AMC, and Prodan with E;(30) is
observed (Figure 3). Remarkably, the new fluorescent
compounds exhibit a much steeper slope than Prodan,
providing a stronger solvatochromic response to changes in
polarity. The dyes bear both electron-donor and -acceptor
groups, such that in the excited state, CT occurs from the
dimethylamino to the carbonyl group through the conjugation
core, strongly increasing the dipole moment.

Another relationship commonly used to specify solvato-
chromism behavior is the Lippert—Mataga equation (see SI),
which describes the dependence of Stokes shifts (expressed in
wavenumbers) on the orientation polarizability, Af (Figure S2,
SI). This treatment allows an estimation of the difference
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Figure 3. Positions of maximal emission as a function of the solvent

polarity index E(30) of aprotic solvents for Prodan, 7AHC, and
7AMC.

30

between the ground- and excited-state dipole moments (Agu) of
the probes, 15.9 and 14.4 D for 7AHC and 7AMC, respectively.
These values are double those of Prodan (6.5 D) and the
isomer 2-diethylaminophenyl-3- hydroxychromone (FE, 7.6 D),
measured in this and in previous studies."”

The two approaches based on E1(30) and Af attempt to link
the spectral properties of dyes to single parameters. Recently,
multiparameter correlations have been found to be preferable in
that they consolidate the different types of contributions to
solvent effects from/in localized donor—acceptor interactions,
acid—base interactions, and the action of the solvent as a
dielectric continuum. The general four-parameter Catalan'"*
solvent scale is particularly useful because it divides the
unspecific solvent effects into two parameters, solvent polar-
izability (SP) and dipolarity (SdP). The other two terms in this
approach reflect specific interaction effects, a solvent acidity
term (SA) and a basicity term (SB). The Catalan formalism is
represented by eq 1, a linear regression of a particular spectral
measure (y) on the tabulated solvent parameters SP, SAP, SA,
and SB. The coefficients agp, bggp, cga, and dgg reflect the
relative influence of each parameter.

Y= + agpSP + bgqpSdP + cgaSA + dggSB (1)
We analyzed the absorption maxima (T = 1/A45 ma), the
emission maxima (Zg,, = 1/Agyomar), and the Stokes shifts (A
= Uy — DUguo) (all in cm™) as linear regressions on three of the
Catalan parameters catalogued for the various solvents.*®
Because only aprotic solvents were used, the SA term was

dx.doi.org/10.1021/jz3002019 | J. Phys. Chem. Lett. 2012, 3, 1011-1016



The Journal of Physical Chemistry Letters

Table 2. Dependence of the Spectral Properties of 7AHC, 7MHC, and Prodan

probe y 10_3y0
7AHC Dy 313 + 0.7
7 25.0 +£ 0.3
AD 29 +£03
7AMC Do 317 + 0.3
7 25.0 + 0.3
AD 33 +02
Prodan Dbs 31.3 + 04
Dheo 252 + 02
AD 39+ 02

on Solvent Parameters®

10 3agp 10 3bggp R

—(52 + 1.0) —(0.6 +02) 0.802
—(7.1 £ 04) 0.965

64 + 0.5 0.954

—(47 £ 04) —-(12 £ 0.1) 0.977
—(6.5 +04) 0.957

5.1+03 0.963

—(33 +04) —(0.75 £ 0.1) 0.927
—-(32+03) 0.884

23 +03 0.839

“Regressions according to eq 1 of Dy, Uguo and AD of Prodan, 7AHC, and 7AMC as a function of the Catalén solvent scale. Coefficients (y,, agp,
bgap, dgp) with their standard errors (all in cm™) and correlation coefficients (R). The calculations were performed with Mathematica software.

Table 3. Lifetimes and Photostability of 7AHC and 7AMC in Comparison to Prodan®

7AHC 7AMC Prodan
solvent (7p) (ns) ke (s71) Qy (7) (ns) ke (s71) Qy () (ns) ke (s71) Qy
toluene 1.46 + 0.05 49 x 10° 7.1 % 1073 091 + 0.04 4.5 x 10° 41x 1073 1.85 + 0.07 1.5 x 10° 2.7 % 1073
THF 231 + 0.02 43 x 10° 1.0 X 1072 2.02 + 0.02 3.8 X 10* 7.6 X 107° 2.66 + 0.03 1.9 x 10* 52 % 1078
DMSO 1.87 + 0.07 2.8 X 10° 53 %1073 2.36 + 0.04 29 % 10° 33%x 107 3.12 + 0.03 32 % 10° 1.0 x 1073

“(7g): mean fluorescence lifetime measured at the maximum of the emission peak. ky: rate constant of excited-state degradation. Qy: photobleaching

quantum yield ({z¢)kyy).

omitted. The results of the regression analyses are given in
Table 2 and Table S2 (SI).

The three compounds display similar solvent effects in terms
of the Catalin parameters. In general, the analysis of band
positions according to eq 1 yields comparatively small estimates
for dgp with a relatively large standard error. Hence, solvent
basicity can be disregarded as a critical factor responsible for the
spectral parameters Dy, Doy a0d AT (Dyps — Do)

A satisfactory fit was obtained for the solvent dependence of
the absorption maxima (Z,). Despite the large (negative)
value of agp compared to that of bggp, both parameters are
essential because the linear single-parameter regressions of 7,
versus SP or SAP yield low correlation coefficients (e.g, r =
0.54 and 0.27, respectively, for 7AHC).

The fits of Dg,, as a function of SP and SdP are also
satisfactory. However, in contrast to 7, the single-parameter
linear regressions of Dg,, on SdP or SP show that the solvent-
dependent shifts of the emission are influenced by solvent
dipolarizability (r = 0.965 for 7AHC) but not by solvent
polarizability (r = 0.07 for 7AHC). That is, solvent polarizabity
can be disregarded as a critical factor in the emission shift. The
bggp coefficients are much higher than those calculated for the
absorption in the case of all three compounds. We conclude
that the electronic structures of the Franck—Condon and
relaxed excited state differ significantly, with the relaxed excited
state being more polar and having a larger excited-state dipole
moment compared to the ground state. The large dipole
moment of the excited state is also manifested by time-
dependent fluorescence spectra (TRES) manifesting up to a 20
nm red shift of the emission maximum (Figures S6—S9, SI).

The correlations according to eq 1 of the Stokes shifts of
Prodan, 7AHC, and 7AMC with SP and SdP as independent
variables are also satisfactory. However, the agp coefficients are
small and have large standard errors, indicating that solvent
polarizability (as well as solvent basicity) are not relevant. Thus,
the fit with SdP as the only independent variable suffices.

A comparison of the bggp coefficients for Dg,, and the Stokes
shift of the three compounds reveals 2-fold higher values for
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7AHC and 7AMC than that for Prodan, accounting for the
greater solvatochromism.

Time-resolved fluorescence measurements of 7AHC, 7AMC,
and Prodan were performed in aprotic solvents. In the case of
7AHC and 7AMC, the mean fluorescence lifetime increased,
and the radiative decay constant (k,) decreased with solvent
polarity (Table 3 and Table S3, SI), contributing to the lower
quantum yields of 7AHC and 7AMC in polar protic solvents.

In probes exhibiting ESIPT, the rate of proton transfer and,
therefore, the T* band intensity increase in an apolar
environment. Most of the described 3HC-based fluorophores
contain an electron-donating aryl group at position 2 because
unsubstituted 3HC has a low dipole moment and shows almost
no emission at room temperature.”® The modifications increase
the dipole moment and stabilize the N* state. In the case of 7-
aryl-3-hydroxychromone lacking a substituent at position 2, the
dipole moment is completely reoriented. As a consequence, the
N* form is stabilized, and the formation of the tautomeric form
is reduced, such that its emission can be observed only in apolar
heptane and does not exceed 10% of the intensity of the N*
form. In contrast, the T* band emission of the isomeric 2-aryl-
3-hydroxychromone in heptane is 100-fold higher than that of
the N* form. Time-resolved emission spectra show a ~0.3 ns
rising component for the T* band, pointing to the formation of
the T* form via an excited-state reaction (proton transfer) with
a rate of <3 X 10° s7}, a value at least 20-fold lower than that
for the isomeric 2-aryl derivative FE* (Table $4, SI).

The photostabilities of the new dyes were characterized by
recording the emission spectra after intervals of irradiation with
a mercury lamp (365 nm). Photobleaching rate constants (k)
and the corresponding photobleaching quantum yields (Qy)
were calculated after adjustment for irradiance and absorption
(Table 3). Representative time courses are given in Figures
S10—S12 (SI). The relative photobleaching rates varied
according to the solvent, toluene (7AHC > 7AMC > Prodan),
THF (7AHC > 7AMC > Prodan), and DMSO (7AHC >
7AMC = Prodan). Methylation of the 3-OH group (7AHC —
7HMC) confers greater photostability on the probe.

dx.doi.org/10.1021/jz3002019 | J. Phys. Chem. Lett. 2012, 3, 1011-1016
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The pronounced solvatochromism of 7AHC leads to
consideration of its use for probing microenvironmental
polarity in biological systems. Due to its red-shifted emission
and the greater separation between the absorption and
emission spectra compared to that of Prodan, 7AHC should
be well-suited for cellular imaging by photon counting
microscopy and spectroscopy. We tested its applicability in
the discrimination of phase and charge of synthetic lipid
membranes using model vesicle systems (Figure 4 and Table

1.0 QYY%
0.14
[ 0.24
Q o8
§ 0.10
3 0.10
e 0.08
§ a
T
3
K 0.4
©
£
o 02
4
0.0
500 550 600 700
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Figure 4. Normalized fluorescence emission spectra of 7AHC in
liposomes of different composition. Spectra were recorded at 20 °C.
Probe and lipid concentrations were 2 yM and 0.4 mM, respectively.
SM/Ch is a 2:1 sphingomyelin/cholesterol mixture. Excitation at
370 nm.

SS, SI). The binding of 7AHC to membranes leads to a >100-
fold increase in the fluorescence intensity, thus minimizing the
influence of the free probe on the spectral shape. The emission
band position varies more than 40 nm depending on the phase
and charge of the lipid bilayer. The spectra corresponding to
the most apolar environment (blue-shifted emission) are
observed in rigid lipid bilayers (Ly phase), in accordance
with the low hydration and high lipophilicity of such systems.
In disordered POPC bilayers (Lq phase), the label reports a
more polar environment, while increasing the bilayer
unsaturation (DOPC) leads to a greater red shift, probably
due to the greater bilayer polarity. Sphingomyelin/cholesterol
membranes (L, phase) show intermediate values between Ly
and Ly An increase in the fractional content of negatively
charged lipids also shifts the emission band of the dye to the
red. The most polar environment was observed with DOPG
membranes, which combine the flexibility of unsaturated fatty
acid chains and negative charge. The observed emission band
shifts correlate with the bilayer polarity, as is also indirectly
supported by a decrease in the fluorescence emission quantum
yields from ~24 to ~8%, in parallel with the red shift. This type
of sensitivity complements the lipid phase dependence
displayed by the classical membrane probes.*’

In conclusion, the introduction of a 7-aryl substituent in 3HC
generates a changed orientation of the dipole moment of the
fluorophore, leading to the combination of small size and
outstanding solvatochromic properties. The new probes have
very low tendency for excited-state proton transfer compared
with 2-aryl analogues, although the emission peak shows a
solvatochromism of up to 180 nm in aprotic solvents. Because
of their strong solvatochromism, large Stokes shift, and very
low fluorescence in water, 7AHC and 7AMC are very useful
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dyes for spectroscopic studies of turbid solutions, for example,
cell suspensions. In addition, methylation of the 3-hydroxy
group significantly improves the photostability of the
fluorophore. A further, notable feature (advantage) of the
new probes in biological applications is the extremely low
fluorescence quantum yield (<0.01) in polar protic solvents
such as water, leading to a significantly reduced background
signal and thus creating the effect of an on—off intensity switch.
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Synthesis protocols, experimental procedure, dipole moment
calculations, solvent dependence, time-resolved measurements,
photostability determination, and liposomes. This material is
available free of charge via the Internet at http://pubs.acs.org.
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