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3-Hydroxyquinolones undergo excited-state intramolecular proton transfer (ESIPT), resulting in a dual emission
highly sensitive to H-bonding perturbations. Here, we report on the strong effect of viscosity on the dual
emission of 2-(2-thienyl)-3-hydroxyquinolone in protic solvents. An increase in viscosity significantly decreases
the formation of the ESIPT product, thus changing dramatically the ratio of the two emission bands. Time-
resolved studies suggest the presence of solvated species characterized by decay times close to the solvent
relaxation times in viscous media. The intramolecular H bond in this species is probably disrupted by the
solvent, and therefore, its ESIPT requires a reorganization of the solvation shell for restoring this intramolecular

H bond. Thus, the ESIPT reaction of this dye and its dual emission depend on solvent relaxation rates and,
therefore, on viscosity. The present results suggest a new physical principle for the fluorescence ratiometric
measurement of local viscosity.

1. Introduction depends on viscosity. Meanwhile, the application of this dye

Viscosity is a fundamental parameter in biological systérhis. @S @ Viscosity probe in protic media is limited because
Since the viscosity distributes heterogeneously on the nanometer’ -zaindole exhibits a low fluorescence quantum yield (ca 1%)
scale in living cells, molecular probes are efficient tools for its @nd a weak variation of the relative intensities of its two
measurement. Specially designed fluorescent molecular rotors€Mission bands in response to viscosity. Most of other ESIPT
have notably been developed for this purp®sé. These dyes are not sensitive to solvent viscosity since their intramo-
molecules are characterized by a high rotational mobility of their lecular H bond forms a stable six-membered ring. This stable
7-conjugated system so that their fluorescence quantum yieldintramolecular H bond cannot be readily disrupted by protic
depends on this mobility and thus on the viscosity. In order to solvents, and therefore, no sensitivity to viscosity is obsetved.
obtain a ratiometric fluorescent probe of viscosity, which is In contrast, in dyes with a less stable five-membered H-bonded
highly desirable for biological applicatio”$®a combination ring, such as 3-hydroxyflavones (3HF), the intramolecular H
of a molecular rotor fluorophore with a reference (environment- bond can be disrupted by protic solvents, leading to a decrease
insensitive) fluorophore has been realizétiowever, applica- of the ESIPT rate. However, the dual emission of 3HF dyes is
tion of two fluorophores in one sensor complicates the data also not sensitive to viscosi#§ probably because the dye forms
interpretation since factors like FRET, quenching, and photo- with a disrupted intramolecular H bond are nonemissive at room
bleaching of individual fluorophores will interfere with the temperaturé? In this respect, the recently introduced 3-hydroxy-
fluorescence response of this probe. A single fluorophore-basedquinolones (3HQ$Y are highly promising since they exhibit
approach for ratiometric measurement of viscosity, which up high fluorescence quantum yields in protic solvéftsloreover,
to now has not been sufficiently explored, is to use the excited- the ESIPT in these dyes occurs (Figure 1) on a slower time
state intramolecular proton-transfer (ESIPT) reaction. In protic scale (around 100 p&};22which is close to the time scale of
enVironmentS, which are Ubiquitous in biOIOgicaI Systems, solvent relaxation in viscous protic environmemoo ps)2_3
microviscosity can, in principle, be characterized through the The ESIPT of 3HQs is highly sensitive to H-bonding perturba-
dynamics of H bond exchange that may affect the proton-transfer tjons since their intramolecular H bond forms a less stable five-
rate. However, ESIPT is generally poorly dependent on viscos- membered ring?-2224An additional attractive feature of 3HQs
ity. One exception is 7-azaindol&/® which undergoes a s the independence of their fluorescence properties on pH in

solvgnt assisted” proton transfer. This transfer requires ap- o biologically relevant range (pH-®) 2! However, nothing
propriate solvent rearrangement so that the whole processis ranrted so far on the effects of viscosity on the fluorescence
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Figure 1. Viscosity dependence of 3HQT fluorescence. The spectra were performed (a and b) in mixtures of ethylene glycol (Eg) and glycerol

(Gl) of various compositions at 2@ and (c and d) in glycerol at various temperatures. The corresponding values of viscosity were taken from the
literature!425

SCHEME 1: 3HQT Dye and Its Excited-State recorded on a Cary 4 spectrophotometer (Varian) and fluores-
Transformation cence spectra on a FluoroMax 3.0 (Jobin Yvon, Horiba)
spectrofluorometer. For fluorescence spectroscopy measure-
ments, the excitation wavelength was systematically 360 nm.
For determination of fluorescence quantum yields, quinine
sulfate in 0.5 M sulfuric acid @ = 0.577) was used as a
h' referencé’ In all of the spectroscopic measurements, the
/‘r T* concentration of the dye was5 x 1076 M.

Time-resolved fluorescence measurements were performed

product2®-22 Meanwhile, N-nonsubstituted 3HQs are poorly with the time-correlated, single-photqn cou_nting technique us_ing
sensitive to polarity and show a low relative intensity of their the frequency-doubled output of a3sapphire laser (Tsunami,
short-wavelength band in most nonviscous organic solnts. SPectra Physics) pumped by a Millenia X laser (Tsunami,
Therefore, to study the effect of viscosity independently of SPectra Physicsf. The excitation wavelength was set at 320
polarity, we selected a N-nonsubstituted 3HQ, namely, 2-(2- "M- Thefluoresper_\ce deca_ys were co_llected at the magic angle
thienyl)-3-hydroxy-4(1H)-quinolone (3HQT, Scheme 1). Due (54.7) of thg emission polarizer. The single-photon events were
to the 2-thienyl substituent, this molecule is flat in the ground detected with a microchannel plate Hamamatsu R3809U pho-
state and therefore, unlike other 3HQs, exhibits a limited toMultiplier coupled to a Philips 6954 pulse preamplifier and
rotational mobility of its 2-aryl group and a rather constant recorded on a multlchannel analyzer (Ortec 7100) callprated at
fluorescence quantum yield in a variety of solvefitShe dual 25.5 ps/channel. The instrumental response function was
emission of this dye was found to be highly sensitive to viscosity "€corded with a polished aluminum reflector, and its full-width

in protic media, showing a dramatic decrease of the relative 8t half-maximum was 50 ps. The time-resolved decays were
intensity of its T* band with increasing viscosities. Time- analyzeg by the iterative reconvolution meti#8dhe goodness
resolved data suggest that this phenomenon is connected wittPf the fit was evaluated from the? values, the plots of the

the viscosity-dependent reorganization of the solvation shell of fésiduals and the autocorrelation function.

the dye, which is required for the ESIPT reaction. We expect

that the observed phenomenon can be used for the developmenr8. Results and Discussion

of new fluorescence ratiometric probes of viscosity.

Like other 3HQs, 3HQT shows two emission bands in organic
solvents, and the excitation spectra recorded at these two bands
are identicaf22These data indicate that 3HQT also undergoes

3HQT dye (Scheme 1) has been synthesized by condensatiorfin ESIPT reaction, resulting in the emission of both a normal
of the corresponding anthranilic acid ester (prepared from form (N*) and a phototautomer (T*) (Scheme 1).
phenacyl bromide and anthranilic acid) in polyphosphoric &cid. To vary viscosity, we used two alternative approaches, (a)
All of the solvents and chemicals were purchased from Aldrich. solvent mixtures of different compositions and (b) neat viscous
The solvents for fluorescence measurements were of spectrosolvents at different temperatures. The increase in the glycerol
scopic grade. The viscosity values for different viscous solvents content of a glyceretethylene glycol mixture, which increases
and their mixtures were taken from the literatifté>26Absorp- the solvent viscosity, resulted in a large increase of the intensity
tion spectra (for fluorescence quantum yield calculations) were ratio of the two emission bandk/I+ (Figure 1a). Moreover,

2. Experimental Section
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TABLE 1: Time-Resolved Data of 3HQT in Solvent Systems of Different Viscositiés

T,°C Gl,% TlN*, ns (llN* TzN*, ns (12N* ‘L’1T*, ns (llT* ‘L’2T*, ns (12T* Q
20 0 0.59+ 0.06 1.00 0.5H0.12 —0.40 8.02+ 0.1 0.60 0.32
20 20 0.66+ 0.06 0.81 0.69t 0.06 0.19 0.55t 0.13 —-0.37 7.96+ 0.1 0.63 0.32
20 40 0.59+ 0.05 0.57 0.99+ 0.07 0.43 0.55+0.13 —0.32 7.84+ 0.1 0.68 0.34
20 60 0.57+ 0.05 0.50 1.22+ 0.09 0.50 0.36
20 80 0.43 0.05 0.38 1.29 0.09 0.62 0.42+0.11 —0.27 7.53+ 0.1 0.73 0.36
20 100 0.38: 0.04 0.29 1.28t 0.09 0.71 0.4G: 0.11 —0.27 7.53+0.1 0.73 0.36
70 100 0.30t 0.04 1.00 0.3G: 0.10 —0.37 6.38+ 0.1 0.63 0.36
60 100 0.38: 0.04 0.95 0.64 0.06 0.05 0.38:0.11 —-0.37 6.66+ 0.1 0.63 0.39
50 100 0.33+ 0.04 0.46 0.65+ 0.06 0.54 0.43:0.11 —0.34 6.91+ 0.1 0.66 0.33
40 100 0.33+ 0.04 0.38 0.8@: 0.07 0.62 0.5G: 0.12 —0.34 7.16+ 0.1 0.66 0.37
30 100 0.40t 0.05 0.41 1.05t 0.08 0.59 0.5@: 0.12 —0.30 7.35+ 0.1 0.70 0.37
20 100 0.38: 0.04 0.29 1.28t 0.09 0.71 0.4G: 0.11 —-0.27 7.53+0.1 0.73 0.36

methanol 0.25+ 0.03 0.98 1.3Gt 0.09 0.02 0.24+ 0.09 —0.43 6.73+ 0.1 0.57 0.30

aT,°C temperature; Gl,% volume % of glycerol in the mixture with ethylene glycdr, .\, 7,7, andz,"™ fluorescence decay times recorded
at the N* (415 nm) and T* (520 nm) bands;V", oV, 04", anda,™ amplitudes of the corresponding decay componedtiiiorescence quantum
yield.

the logarithm of the intensity ratio (logg/I11+)), which is a linear 5. ot

function of different solvent parameters in 3HQ and 3HF ' o

derivatives?1-223%xhibited a linear relationship with the glycerol i ':'

content (Figure 1b). Since the logarithm of the viscosity (log 00+ ®

i) of this solvent mixture depends linearly on the glycerol —~ 3 o8 &0

contenti*26|og(In+/17+) depends linearly on log (Figure 1b). o 9219 AT o

Remarkably, a linear correlation between the logarithm of the = - bg 2]

fluorescence intensity and the logarithm of viscosity was also D 0.4+ . % 1 o —

reported for molecular rotofs:31 Variation of the viscosity of = 1 *5a e GLE

glycerol at different temperatures also led to strdrg/l« 06+ ) & GI:HgO

changes (Figure 1c). In this case, the dependence off\ldg( ' | uo”o 2

I++) on temperature was linear (Figure 1d); therefore, lipg( ° e 12PrtC

IT+) was also a linear function of log (log # being a linear BB o ° 1,3-Pr,tC

function of temperature; see ref 25). YTy 7
In glycerol-water mixtures as well as in 1,2-propylenglycol 10 15 20 25 30 35 40

and 1,3-propylenglycol at different temperatures, we observed logn

similar linear increases of lofy¢/I1+) as a function of logy. _ _
The slope of these linear relations varied from one system to g(‘g?(;fmze- | %&eg?fgeﬁ gtf '(;%g/r IeTn)t Ct’gni;g gtufégegr%emfxtwu‘?éi o
an?]ther. As a ge”er"’?' trend,hwe lobservfei thl"?‘t* n experIlm.entsglycerol (GI) with ethylene glycol (Eg) at 20C. 1,2-Pr and 1,3-Pr
with temperature varlat_lon, the s ope of the linear correlation correspond to 1,2- and 1,3-propylenglycol, respectively. The values of
was steeper than that in solvent mixtures. As a consequenceyiscosity were taken from the literatute?526

the temperature seems to additionally contribute to the increase

in the relative emission of the tautomer (T*) form. recorded at the N* band. This confirms that the T* form is
It is important to note that in aprotic solvents (such as toluene, generated from the N* form by an excited-state process
tetrahydrofuran, and acetonitrile), the/l+« ratio was very low; (ESIPT)32Moreover, the second decay timg" was more than

therefore, the emission of the ESIPT product T* domindfed. 10-fold longer tharr;™ and was absent in the N* band. These
Moreover, a temperature-dependent variation of viscosity in a results are in accordance with our previous measurements on
viscos aprotic solvent triacetin did not significantly modify the 3HQs2122 suggesting that the dye undergoes an irreversible
fluorescence spectrum of 3HQT (data not shown). Therefore, ESIPT transformation N*> T* and the rate of this transforma-
we can conclude that the viscosity dependence in the dualtion is close to /{N* (or 1/17).32 SincerV" andz;™ did not
emission of 3HQT requires protic environments, and therefore, vary significantly with viscosity, we conclude that the ESIPT
it is connected with the specific H-bonding interactions of the rate itself does not depend significantly on viscosity. The long
dye and solvent. In order to understand the mechanism of thedecay time of the T* band,”™ was also independent of
viscosity-dependent changes of the intensity ratio, we performedviscosity, in line with the observed invariant quantum yields
time-resolved fluorescence measurements. At relatively low (Table 1). Thus, viscosity affects only the long-lived component
viscosities (neat ethylene glycol and glycerol at 7 or of the N* emission. What is the origin of this decay time
methanol), the decay of the N* band was monoexponential. At component and how it can be responsible for the strong
higher viscosities (with a decrease in the temperature of neatdependence of the dual emission of the dye on viscosity? Since
glycerol or an increase in the content of glycerol in mixtures this component was observed only for the N* emission, we can
with ethylene glycol), a longer decay component’() appeared, attribute it to an additional N* form, which cannot undergo
and its relative contributionopN") increased with the viscosity ~ ESIPT. It is commonly accepted that the intramolecular H bond
(Table 1). Moreover, an increase in viscosity resulted in a closing the five-membered ring in 3HQs and 3HFs can be easily
substantial increase in the decay tim#&*, while the shorter disrupted by a protic solvent, resulting in an inhibition of the
componentzN* exhibited only slight changes. For the T* ESIPT reactior#:2224Therefore, the new lifetime observed in
emission, the fluorescence decay of 3HQT in glycerol was viscous solvents could be attributed to a solvated form of the
biexponential. The short decay timg'™ exhibited a negative  dye (N*-solv) with a disrupted intramolecular H bond. In the
amplitude and corresponded well to the short decay tifie excited state, the large increase of basicity of the 4-carbonyl
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SCHEME 2: Model of Excited-State Transformations of of the dye in viscous protic solvents. This species is probably
3HQT in Viscous Protic Solvent$ highly solvated and, thus, can undergo ESIPT only after an

R R R R appropriate viscosity-dependent solvent rearrangement. This
on \#’i R o4 \3““... A P o od viscosity-dependent inhibition of the ESIPT reaction suggests
R e“d"‘ a new principle in the design of ratiometric fluorescence probes

of viscosity.
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