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Abstract

Molecules of electronically excited 2-[4-(dimethylamino)phenyl]-3-hydrokrehromene-4-one (a fluorescent probe) co-exist in the
normal (N*) and tautomericT*) forms and emit radiation in different spectral regions. The positions (expressed in wave nubers,
intensities [) of the emission bands are strongly affected by the ability of the medium’s molecules to participate in hydrogen bonding with the
probe. In such casely, In«/l1+, vnr, vne + V7= OF v« — 1+, depend on the concentration (over a certain range) or its base-10 logarithm (log)
of the component interacting with the probe. These relationships form the basis for a quantitative assay of such compounds in binary mixtures
On the other hand, the logg/l++) versusvy- +vr= Or vy« — v+ relationships demonstrate unique features that can be used to distinguish
components (alcohols) interacting with the probe and to quantify their contents. The prospects for the analytical application of these findings
are outlined briefly.
© 2005 Elsevier B.V. All rights reserved.

Keywords: 2-[4-(Dimethylamino)phenyl]-3-hydroxyH-chromene-4-one; Hydrogen bonds; Fluorescent probe; Assay of components in binary liquids

1. Introduction medium’s polarity and viscosity, were the first such probes
used to investigate proteins, DNA, cellmembranes and whole
Molecular probes are compounds responding to stimuli cells [6-8]. Another class of multi-parametric probes with
or perturbations imposed on a system. These in turn, causenumerous applications is derived from 2-dimethylamino-
the physicochemical parameters characterising the probes t®-acylnaphthalenef®]. In principle, most fluorescent dyes
change in value, thus, providing important information about exhibiting distinct solvatochromism can be used as multi-
the systenil]. The spectral features of such probes, which parametric probes for investigating the properties of liquids
usually operate as single parametric information transmitters, [1,10].
are widely applied in such fields as chemistry, biochemistry,  Flavonols (derivatives of 3-hydroxy-2-phenyH4
cell biology, medicine and ecologht,2]. Recently, how- chromene-4-onelf) [11] appear to exhibit features of
ever, there has been a demand for multi-parametric probesmulti-parametric fluorescence probes; this is the group of
in which more than one system—characteristic parametercompounds on which we have focused our interest. As a
generates a response. Aminonaphthalene sulph¢daf$ result of excited state intramolecular proton transfer (ES-
probes, whose fluorescence anisotropy, fluorescence bandPT), these compounds co-exist in thé andT* tautomeric
position and fluorescence quantum yield all depend on theforms in the electronically excited state and exhibit dual
fluorescencdl12]. The excitation band positions, positions
* Corresponding author. Tel.: +380 44 239 33 12; fax: +380 44 220 83 91. and intensities of the emission bands of the tautomers,
E-mail addresspvg@univ.kiev.ua (V.G. Pivovarenko). as well as the fluorescence anisotropy Iofhave been
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Scheme 1. Canonical structures of 2-[4-dimethylamino)phenyl]-3-hydoxy-
4H-chromene-4-one?) in theN andT forms. The non-hydrogen atoms are
labelled.
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determined by steady-state fluorimetry. This has provided 1901

complete information on micell§13-16] and liposome ,
[17-26]structure, and permitted the identification of cations [
of different radii[27-29] /]

The use of flavonols to determine the properties and com- D .
position of liquid phases has been attempted by several re- 700
search group§30—34] Klymchenko and Demchenki@4] 4w 4 Wavelength (nm)
found three physicochemical properties of liquids — the di- _ _ ,

. . . . . Fig. 1. Fluorescence spectraaifi benzene and benzetdutanol mixtures

electric constant, the electronic polarisability funcnons and (upper plo), and an example of a deconvoluted spectrum faBaiOH
the presence or absence of hydrogen bonds in them — tQconcentration of 7.5 Migwer plof.
be related to their composition. Apart frof@2], none of
these papers demonstrated that flavonols could act as probeseparated bands. An example of a deconvoluted spectrum
to assess the content of polar (protic) components in liquid is illustrated inFig. 1 The deconvoluted spectra and other
phases. In the present paper, we propose a method for theyraphs were plotted using the Origin 5.0 progf&9.
qualitative and quantitative assay of a component interacting
with 2-[4-dimethylamino)phenyl]-3-hydroxyHkchromene-
4-one @) (Scheme L (fluorescent probe) in non-polar media. 3. Results and discussion
We have already reported on the propensit¥ tf participate
in hydrogen bond§35].

Emission intensity (arbitrary units)
o
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o
i

3.1. Influence of liquid phase properties on the
fluorescence characteristics »f
2. Experimental Several earlier investigations showed that the more stable
form of flavonols wasN in the ground electronic state, but
Probe2 was synthesised according to rgf6]. Its purity T" inthe excited electronic stat8¢heme 1[12,30,31] This
was confirmed by TLC (50 mm 150 mm Silufol UV-254 is the case when these compounds are dissolved in neutral
plates, 98:2 to 85:15% (v/v) chloroform—methanol eluent) solvents (not specifically interacting ones) (5&g 1). How-
and fluorescence spectra analysis (synchronous scans). Thever, when a specifically interacting component is added, the
concentration of2 was 5.4x 1076 M and the temperature  long-wavelength emission due ¥6 weakens and the short-
was 20°C in all experiments. Fluorescence spectra were wavelength emission caused Wy strengthensKig. 1) [30].
recorded on a Perkin-Elmer LS-50 spectrofluorimeter (exci- This now makes it feasible to use the intensiyqr inten-
tation wavelength =400 nm in all cases). The solvents were sity ratio, e.g.In+ or In+/IT+, to measure the content of the
of spectral grade (Merck) and were used as supplied. Thecomponent specifically interacting with flavonols. Another
fluorescence spectra were deconvoluted with the “Spectralfeature is that th&" andT" band maxima change position
Data Lab” computer program developed by Doroshenko with increasing content of the specifically interacting com-
[37], which uses the iterative non-linear least-squares ponent Fig. 1) [35] and so can be regarded as a measure of
method based on the Fletcher—Pauell algorithm. The shapeghis content.
of the individual emission bands were approximated by In our investigations, the specifically interacting com-
a log—normal function, which unlike the more frequently pounds were alcohols (protic of medium polarity) (methanol
applied Gauss and Lorenz functions, accounts for the (MeOH), n-butanol 6-BuOH) and t-butanol ¢-BuOH))
asymmetry of the spectral ban{38]. In most cases, the dissolved in benzene or ethyl acetate (EtOAc), water
band half-width and asymmetry were selected freely during (protic, highly polar) dissolved in 1,4-dioxane (dioxane) and
deconvolution. However, where bands relevant to ife dimethylsulphoxide (DMSO) (aprotic, polar) dissolved in
and T* tautomers were not well separated, certain spectral toluene.Fig. lillustrates their influence on the fluorescence
parameters were assumed on the basis of data for well-characteristics o2 [35]. It shows that the rising concentra-
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tion of a specifically interacting component always causes Table 1
a bathochromic shift in the fluorescensé band (positive Linear dependences of various spectral characteristics on the concentration
solvatochromism[30,35) (Fig. 1). This band gradually (@ °fthepolarcomponent or on lag

intensifies with increasing content of the specifically interact- System Coefficients of the Linearity limit
ing component, butin the case of MeOH and water, it reaches linear dependence M)
a maximum and then decreasg@]. With T*, the band a b
situation is more complex. A distinct bathochromic shift is 1y =ac+b
always observed in the case of DM$8b], but with protic MeOH-benzene 49.6 10.5 0.1-4
components, the shift is hypsochronjR5] (Fig. 1). The n-BuOH-benzene 20.0 14.6 3-7
intensity of theT* band decreases gradually with rising con- &Belg?_ﬁ?gfcene 218461 718567 Ooigg
tent of the specifically interacting component in the medium.  \yater—_dioxane 173 10.7 0.1-6
The effect is most distinct for water and alcohdsy(. 1). DMSO-toluene 3.15 23.0 1-11
The above phenomena are discussed in detail in our re-In+/It~=ac+b
cent publicatiof35]. Protic alcohols or the aprotic but polar n'\"g‘ag;bi';‘i’;ie é-;gl —20-102575 2—1110
DMSO appear to form H-bond complexes ||_1voIV|r_19 thecar- o Sh benzene 0.359 0.0842 0.1-8
bonyl oxygen atom and the hydroxyl groupih positions 3 MeOH—EtOAC 1.19 —0.192 0.7-5
or 4. These complexes are 1:1 when moderate concentrations water—dioxane 0.556 0.0804 0.2-8
of these components are involved, but two molecules of alco- DMSO-toluene 0.208 0.580 2-11
hol or DMSO at higher concentrations are complexe@by . =ac+b
t-BuOH-benzene —104 21000 0.5-11
3.2. Use oR as a fluorescent probe to determine the VN — vre =aC +b
protic (polar) component content in non-polar media t-BuOH-benzene —104 3250 0.7-11
v+ v+ =ac+b
The use oR as afluorescent probe to determine the content - gyoOH-benzene _102 38800 0.4-11
of a component interacting with it in a medium requires that ~ Water—dioxane —165 38300 18-85
the monitored feature(s) & be linearly dependent on this . - 5(10g c) +b
component’s concentration (or some function of it). Analysis  MeOH-benzene —1180 20300 0.4-8
of the various possible relationships has shown that over a n-BuOH-benzene —1410 20800 1-11
certain range of concentratiorigy or Iy«/IT+ are linearly t-BuOH-benzene —390 20900 0.2-3
dependent on the concentration of a polar (protic) component MeOH-EtOACc —950 20100 0.7-10
. . ) Water—dioxane —1190 20800 0.7-3
in a non-polar medium. Furthermore, over a certain range of pyso_toluene _1350 20800 0.7-14
concentrationgyy+ orvn+ — v+ (Wherev is the wave number
(12, Fig. 1) indicating a band’s position) depend linearly "~ "7 >al09¢)+b
! MeOH-benzene —1110 2560 0.3-7
on the base-10 logarithm of the concentration of the polar n-BuOH-benzene 1120 2910 511
(protic) component in solutioMable 1lists the linear least- t-BuOH-benzene —470 3180 0.1-3
squares regression coefficients (slopes and intercepts), along \'\//'ve?"'—dEIOAC _igio gggg 8-;—18
H H H H ater—alioxane — A=
with those of other relationships also found to be linear. These DMSO-toluene loao 3300 0.7-10

latter relationships indicate how the method can be applied
directly in analytical procedures.

The data inTable 1demonstrate clearly that the prop- ten, however, we need to identify components before their
erties of2 allow this compound to be classified as a typical quantitative assay. To discover whether this is possible with
multi-parametric probe. This is because several of its fluores- 2 as a probe, we plotted the relationships of Iggll+) first
cent characteristictyx, N/l T+, vn*, UN* + VT* OF Unx — VT*, versusvn+ — v+ (Fig. 2 Table 2 and then versusyx + v+
depend linearly on the concentration or its base-10 loga- (Fig. 3, Table 2. The former relationship does not differen-
rithm over a broad range of concentration—from 0.1to 11 M. tiate between these systems to a sufficient extent, similarly
Hence, wher2 is used to monitor one or more of the fluores- as between polar and non-polar solve[34]. The distinc-
centcharacteristics of a polar (protic) componentin non-polar tion between the systems under study and neat sol{@4its
media, these relationships yield information on its content. is much improved if lod+/IT+) is plotted againstn= + v+

(Fig. 3. The data inFig. 3 show that the relationships of

3.3. 2 as a fluorescent probe enabling the simultaneous log(In+/IT+) versusvy+ + v+ become linear for isomolar so-
identification of an alcohol and the determination of its lutions of selected alcohols in pertain solvents. Such relation-
content in non-polar media ships are shown ifrig. 4, together with the linear relation-
ships, within the same coordinates, approximating the points
In the light of what was said in Sectidh2, we can de- corresponding to different concentrations of an alcohol in a

termine the concentration of a polar component in a liquid given solvent (the latter relations are also giverFig. 3).
mixture once all the components have been identified. Of- Fig. 4 is, thus, a diagram enabling the qualitative and the
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Fig. 2. Base-10 logarithm (log) of the emission intensity raltjg {+) vs.
the difference in positionsuf of N* and T* maxima for 0-10 M concen-
trations of the polar component in the liquid phase. The dotted line is the
linear least-squares regression dependence for all experimental points, an -
the solid line is the analogous dependence corresponding to neat protic and@'Ven inTable 2
aprotic solvents (taken frof84]). Slopes and intercepts are givermable 2

Fig. 3. Base-10 logarithm (log) of the emission intensity raltjg {+) vs.
the sum of wave numbers)(of N* andT* maxima for 0—-10 M concentra-
c§ions of the polar component in the liquid phase. Slopes and intercepts are

convoluted as described in the experimental section. The ex-

quantitative assay of alcohols (protic components) in non- fracted values ofnx, I+, vy« andvr« were then used to -
polar media. Therefore, if we know, for example, that one of determine the concentrations from the relationships given in
the alcohols — MeOH)-BUOH ort-BuOH — is dissolved in ~ Table 1 The mean values of these measurements were com-
benzene, we can a@do the solution as a probe, measlije pared with known concentrations. Deviations affecting the
I+, v+ @andvT+, and locate the point corresponding to the co-
ordinates lod(+/IT+) andvn+ + vr«. This point will identify
the alcohol and provide information on its concentration.

3.4. Accuracy and precision of analytical assays

In order to evaluate the parameters characterising the qual-
ity of these assays, we prepared five solutions eacBaDH
in benzene and of water in dioxane at concentrations 0.5, 4
and 8 M, containing® at a concentration of 54 105 M.
The fluorescence characteristics were measured (one spec-
trum per solution) for all these solutions and the spectra de-

Log (I, /1..)

4

1.5 - - - - . .
36500 37000 37500 38000 38500 39000 39500
Table 2 B
Slopes &) and interceptsh) of linear least-squares regression dependences (vitvy) (em™)
; ot ; - -m- -9 M (y=-0.000362 x + 14.5)
Figure D(_escrlptlon (experimental a b - - 6 My 0000362 x4 14.3)
points, system) - -A- -3 M (y=-0.000362 x + 14.0)
: - =A== 1 M (y=-0.000362 x + 13.8)
2 All points —0.000889 51 - -#--0.7 M (y=-0.000362 x + 13.6)
_ - -0 - 0.3 M (y=-0.000513 x + 19.2)
All solvents[34] 0.000867 236 S iai D e DT £ 2B D
3 Protic solvent$34] —0.000488 19
Aprotic solventg34] —0.000512 19 Fig. 4. Linear fits of base-10 logarithm (log) of the emission intensity ratio
3and4 MeOH—benzene -0.000947 30 (IN*_/IT*) (y) vs. the_sum of wave n_umbe_ns)(of N" andT maxima &) for
various concentrations of alcohol in a given system (solid lines—slopes and
n-BuOH-benzene —0.00107 48 . . - . . .
intercepts are given iflable 2 or isomolar solutions of alcohols in two sol-
t-BuOH-benzene —0.00134 516 g
vents (dashed lines). (1) MeOH-EtOAc system or pure EtOAc (lower value),
MeOH-EtOAc —0.000917 o (2) MeOH-benzene, (3} BuOH-benzene, (4}BuOH-benzene system or
Water—dioxane —0.000640 2a ’ ' Y

pure benzene (lower value).
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accuracy of the assays did not usually exce®€d01 for the
0.5M solution and+0.2 for the 4 and 8 M solutions. The
accuracy was better with relationships containénigstead

of logc. Reflecting the precision, the relative standard devi-
ations were of the order of 3% for 0.5 M and 4% in the case

Chimica Acta 545 (2005) 74-78

[8] K. Kachel, E. Asuncion-Punzalan, E. London, Biochim. Biophys.
Acta 1374 (1998) 63.

[9] G. Weber, F.J. Farris, Biochemistry 18 (1979) 3075.

[10] C. Reichardt, Chem. Rev. 94 (1994) 2319.

[11] R.J. Williams, J.P.E. Spencer, C. Rice-Evans, Free Radic. Biol. Med.
36 (2004) 838.

of 4 and 8 M. The reasonable accuracy and precision of thesg12] P.K. Sengupta, M. Kasha, Chem. Phys. Lett. 68 (1979) 382.
test measurements provide good grounds for the routine usd13] M. Sarkar, P. Sengupta, Chem. Phys. Lett. 179 (1991) 68.

of the method in assays.

4. Conclusions

The results of these investigations indicate that, for a
known composition of a liquid-phase containing a polar
(protic) component in a non-polar solvent, the fluorescence
characteristics of the prob&)(enable this component to

be assayed quantitatively. Furthermore, the fluorescence

characteristics o2, if plotted appropriately, allow alcohols
to be differentiated, and their content to be assayed in binary
mixtures with non-polar solvents.

The results of the investigations demonstrate thit a
convenient multi-parametric fluorescent probe with prospec-
tive analytical applications. The proposed approach opens
up possibilities for the qualitative and quantitative assay of
molecules containing hydroxyl groups, including naturally-
occurring ones.
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