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Dipole Moments of 4’-Aminoflavonol Fluorescent Probes
in Different Solvents
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Electrooptical absorption measurements (EOAM) were used to measure the dipole moments
of the normal form of 4’-(dimethylamino)-3-hydroxyflavone (FME), and 4'N-(15-azacrown-5)-
3-hydroxyflavone (FCR) in 1,4-dioxane, toluene, and cyclohexane. With these probes excited-state
intramolecular proton transfer (ESIPT) takes place. For comparison, the dipole moments of 4'-
(dimethylamino)-3-metoxyflavone (FME3ME), for which ESIPT is lacking, were measured, too. For
all three probes the ground (u,) and excited Franck-Condon state (,LLSC) electrical dipole moments
are parallel to each other and also parallel to the transition dipole moment. The electrical dipole mo-
ments of FCR, FME, and FME3ME in their ground state have values within the range (12.0-17.7) x
1073 C m. Upon optical excitation, the dipole moments increase by (41.9-52.9) x1073° C m. The
value of the change of the dipole moment vector A*u with excitation to the Franck-Condon state
and the value of the vector uf€ for FCR and FME are practically independent on the solvent polar-
ity. From this point of view and due to large values of the dipole moments FCR and FME are very
promising probes for the investigation of the distribution of the local polarity in biological systems
using site-selective excitation of the different sites. Our steady-state fluorescence studies on FME and
FCR have demonstrated a high spectral sensitivity of the normal form to such solvent characteristics
as polarity.
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on using standard equations, describing the dependence
of the position of the electronic spectra of fluorescence

The biophysical and biomedical application of flu-
orescence spectroscopy is increasing. For example, the
fluorescent probe method now is widely used for study-
ing cells, proteins, and tissues [1-3]. The local dielectric
properties of cells, proteins, and tissue are of great impor-
tance for diagnostic and investigation of their function.
The best known method for the estimation of the local
dielectric constant in complex macromolecules is based
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probes on the dielectric constant, refractive index of the
medium, and on the dipole moments of the probe in its
ground and excited states. If the dipole moments in the
relevant electronic states are known, the local dielectric
constant may be determined by these equations from the
spectral position of the electronic spectra [4-10].
Electrooptical absorption and emission measure-
ments in solution (molecular Stark-effect spectroscopy
in terminology of [11,12]) provide valuable information
about the values and directions of the dipole moments and

ABBREVIATIONS: FME, 4'-(dimethylamino)-3-hydroxyflavone;
FME3ME, 4'-(dimethylamino)-3-methoxyflavone; FCR, 4’-N-(15-
azacrown-5)-3-hydroxyflavone; ~ 1-AN,  1-phenylnaphthylamine;
ESIPT, excited-state intramolecular proton transfer; EOAM, elec-
trooptical absorption measurements.
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polarizabilities in the ground and excited states of probe
molecules [13—16]. The strong advantage of the electroop-
tical measurements in comparison with the various exist-
ing solvent shift variants is that the dipole moments are
determined in a single solvent, and hence it is possible
to study the influence of polarity of the environment on
the values of the dipole moments. This is very essential
for selection of the suitable fluorescent probes for study
dielectric interactions in biological systems.

Usually the probe molecules have several binding
sites with different polarity and their electronic spectra
are inhomogeneously broadened [17]. Hence, the selective
excitation of molecules located at different sites becomes
possible by changing the frequency of the exciting light.
In Ref. [10], from the position of the normalized quantum
fluorescence spectrum of 1-phenylnaphthylamine (1-AN)
the dielectric constant of human erythrocyte ghosts was
calculated under different frequencies of excitation, i.e.
at different spatial locations 1-AN inside a membrane.
But, if the values of the dipole moments themselves are
dependent on the polarity of the medium, the error with
the determination of the local dielectric constant by the
above-mentioned method may be quite large. Therefore
the dipole moments of fluorescent probe molecules must
be studied in solvents with different polarity.

In this paper, we present the results from electroopti-
cal absorption measurements (EOAM) on the ground and
excited Franck-Condon state dipole moments of the nor-
mal form of 4'-(dimethylamino)-3-hydroxyflavone (FME)
and 4'-N-(15-azacrown-5)-3-hydroxyflavone (FCR) in
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1,4-dioxane, toluene, and cyclohexane. Due to excited-
state intramolecular proton transfer (ESIPT) the spectra of
FME and FCR observed in various solvents have two well
resolved fluorescence bands, one of which corresponds to
the emission of the normal form (N*), and the other one to
the flavonol phototautomer (T*) [18-23]. Our steady-state
fluorescence studies on FME and FCR have demonstrated
a high spectral sensitivity of the normal form to such sol-
vent characteristics as polarity. For comparison, we also
measured the dipole moments of 4’-(dimethylamino)-3-
metoxyflavone (FME3ME), for which ESIPT is lacking.

EXPERIMENTAL

Flavonol Synthesis

The flavonols (Fig. 1) have been synthesized from
2-hydroxyacetophenone and the corresponding benzalde-
hydes by the Algar—Flynn—Oyamada reaction [24] and
purified by means of repeated recrystallization or col-
umn chromatography. All flavonols were homogeneous
at thin-layer chromatography on Silufol UV-254 plates
in chloroform-methanol (98:2, 95:5, 9:1 or 85:15, v/v)
with following detection by UV excitation at 254 nm
and 360 nm wavelengths. Their structures have been con-
firmed by quantitative elemental analysis, nuclear mag-
netic resonance (NMR), UV-Visible, and infrared (IR)
spectrometry.

All solvents were obtained from Merck and were
dried prior to use in the electrooptical measurements.

FME3ME

Fig. 1. Fluorescence probes studied in this work.
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The steady-state absorption and emission spectra
were recorded by a spectrophotometer Perkin Elmer (LS
50B) and SFL-112A spectrofluorimeter (Solar, Minsk),
respectively.

Electrooptical Absorption Measurements

To determine the ground- and excited-state dipole
moments of the normal form, we used EOAM. Experi-
mental details on the electrooptical methods have been
reviewed extensively [13,14]. Using Liptay’s formalism
[25] the effect of an external electric field £ on the molar
absorption coefficient x (¥) can be described by a quantity
L, which is defined by

L=L®,x) =" x)—c®]/[«®EF] (1)

where «F is the molar absorption coefficient in the pres-
ence of an applied electric field, « is the same without
applied electric field, y is the angle between the direction
of E and the electric field vector of the incident light and
D is the wavenumber. For a homogeneously broadened
absorption band L is given by the following equation

L = Dr +[1/6]Es + Frt + Gst + Hru + Isu  (2)

where the parameters » and s are determined by the angle
X, and the quantities  and u depend on the first and second
derivatives of the absorption spectrum

r=(2—cos’x)/5 (3)
s = (Bcos’y — 1)/5 4)
t = (1/he)(x /D) d(k/D)/dD )
u = (1/2h%c>)(k/5) " d*(k /D) /dD? (6)

The coefficients D, E, F,G, H, I are connected with
intrinsic properties of the solute molecules. Neglecting
some explicit polarizability terms D to I can be written
as

D = (f2/kT)RWp, (7
E = (fo/ kT [3(mypy)* — 7]

+ (f2/kT)(3R® — 2RD) 1, (8)
F = (f2/kT) (e D) + fRVA Q)
G = (f2/KT) M) m, A + (f2/2)RP A (10)
H = fAA*w? (1)
I = f2m,A'w) (12)

where k is the Boltzman constant, T is the temperature, m,
is the unit vector in the direction of the transition moment
for absorption, (i, is the equilibrated ground state dipole
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moment vector, A*u is the change of the dipole moment
vector upon excitation to the considered Franck-Condon
excited state. The vectors R and R® are related to the
transition polarizability of the considered transition and
describe the effects due to the electric field dependence of
the transition moment. The field correction is done by the
cavity field factor f, [13].

The quantity L(7, x) in the present work was
determined for two values of the angle x(x =0 and
x = 7/2) and for a set of wavenumbers within the first
absorption band. Then the coefficients (8)—(12) and their
standard deviations were obtained from fitting of the
experimental L values by the program SYSTAT Version
7.0 according to Eq. (2).

RESULTS AND DISCUSSION

Fluorescence Spectra of Flavonols

Our studies on FME and FCR have demonstrated
their high spectral sensitivity to such solvent characteris-
tics as polarity. First of all this sensitivity appears in the
steady-state fluorescence spectra as different spectral po-
sition, intensity and width of the flavonol normal form
(N*) emission band. The fluorescence spectra of FME
in various aprotic solvents are shown in Fig. 2. As it is
seen, the N* form display an essential positive solvatoflu-
orochromic effect. From measured spectra, we recovered
the fluorescence bands of the normal and phototautomer
form using the Gaussian approximation

; Iy exp ( — (v — vmax)z/olz), p < pmax

V) =

© Iy exp ( —(v— vmax)z/azz), v > pma
where v™* and o7 , are peak frequency and dispersions,
respectively. The quality of the fluorescence spectrum fit-
ting was monitored by the reduced statistic x2 and by the
visual inspection of residuals. Figure 3 displays the exam-
ple of recovering of the two bands, which correspond to
fluorescence of the normal form and phototautomer, from
the experimentally measured emission spectra of FME in
acetonitrile.

The dependence of the fluorescence peak frequency
of the normal and phototautomer form, obtained in the
above mentioned way, on the reaction dielectric field pa-
rameter F(¢e, n) [26] is shown on Fig. 4. As follows from
Fig. 4, the frequency shift of the normal fluorescence peak
VX is strongly dependent on the reaction field parame-
ter. For example, v™>* changes from 22785 cm™! in paraf-
fin oil to 19513 cm™! in acetonitrile (Table I). The large
solvatofluorochromic effect in the fluorescence spectra
of flavonols is a real evidence of an essential change of
the electric dipole moment of the probe molecules after
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Fig. 2. Normalized fluorescence spectra of FME in different solvents: (a) 1,4-dioxane
(— — —), (b) fluorobenzene (— — —), (c) tetrahydrofuran (---), (d) paraffin oil
(— .—), (e) acetonitrile (— —). [FME] =5 uM; T = 23°C.
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Fig. 3. Fluorescence emission spectra of FME in acetonitrile. (a) Experimentally measured fluores-
cence spectra ( ), recovered fluorescence spectra of the normal (———) and phototautomer
Ipexp(—(v — v"‘"‘")z/alz), p < pmax
Ty exp(—(v — vm“’()z/(rf), y > pmax’
where V™ and o > are peak frequency and dispersions, respectively. Lower panel (b) shows plot
of residuals. Aex = 394 nm; [FME] =5 uM; T = 23°C.

(— — —) form in the Gaussian approximation /(v) = {
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Fig. 4. Dependence of the normal (m) and phototautomer (®) fluores-
cence peak frequencies for FME as a function of the reaction field pa-
rameter [26] F(e, n) = (¢ +2) — (n® — 1)/(n2 + 2)e, where ¢ and n are
dielectric constant and refractive index, respectively.

excitation. This also means, that the local dielectric con-
stant of the surrounding medium may be determined from
the position of the probe electronic spectra, if the dipole
moments of the fluorophore are known.

As follows from our measurements the ratio of the
I{/17 fluorescence peak intensities increases with increas-
ing reaction field parameter F(¢, n) of the solvent (Table I).
The latter effect, as is known [18], is connected with the
change of the probability of the direct and reverse ESIPT
and may be used for two-wavelength ratiometric detection
of changes in the local polarity in biological systems.

Dipole Moments of Flavonols

The electrooptical absorption spectra of all three
flavonols are accurately reproducible, and have the max-
imum at the red edge of the absorption spectrum. As an

Table 1. Ratio (I3/I7) of the Fluorescence Peak Intensities and the
Frequency of the Fluorescence Peak (via*) of Different Forms of FME

in Various Solvents. F (g, n)—the Reaction Field Parameter [26]

VI (em™ b, viaX(cm™ b,
Solvent F(e,n) I{/If normal form phototautomer
Paraffin oil 0.01 0.100 22785 17948
Dioxane 0.03  0.107 22033 17556
Fluorobenzene 0.32 0.108 21199 17591
Tetrahydrofuran 044  0.133 20829 17419
Acetonitrile 0.71 1.503 19513 17423

Note. The frequency of the fluorescence peak (v32*) of normal form and
phototautomer was recalculated by the special program of decomposition
the experimentally measured spectra on two bands with nonsymmetrical
Gaussian shape.
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example, the experimental data points of the electroopti-
cal absorption spectra of FCR in 1,4-dioxane are shown
in Fig. 5.

From our measurements, follow that for all probes
in all solvents the coefficient F' equals G and coefficient
H equals I, within the experimental error. As an exam-
ple, in Table II the results of EOAM on FME in toluene
solutions at T = 298 K are presented. This means that
m, || g|| A*ie. The same result follows from the slope of
the function L(v, x = 0) = f[L(v, x = 7 /2)] which for
solute molecules with C,-symmetry is given in good ap-
proximation by the simple linear relationship [27,28]:

L(v,x =0)= AL(v, x = /2) + Bf2u2/6k*T? (13)

where A = (1 +2co0s?6)/(2 — cos?8); B = (3cos?6 —
1)/(2 — cos? #) and 6 is the angle between m, and M.

Figure 6 shows the respective plot of L(v, x = 0)
versus L(v, x = m/2) for FCR in 1,4-dioxane. The points
represent the experimental data and the line is their ap-
proximation by a linear regression. From the linearity
of the function L(v, x = 0) = f[L(vx = m/2)] for FCR,
FME, and FME3ME follows that the first absorption band
of the studied probes is sufficiently homogeneous and that
the angle between the vectors m, and . is constant
over the measured wavenumber interval in according with
Eq. 13. From the slope of the function L(v, x =0) =
fIL(vx = m/2)] for FCR, FME, and FME3ME we found
that the coefficient A = 3. From Eq. (13) follows that in
this case m, || gl A* .

Using the symmetry condition m,|lu[|A%w the
values of the dipole moments p, and A® 11 were calculated
from

E —6D
pe = (KT /fe) —5 14
A'w = (KT/fE)(F + G)/2u, (15)

The dipole moment in the excited Franck-Condon
state (1) was determined by the formula

Atp = (1fC — ) (16)

which is sufficiently valid for low-polar solvents. The
dipole moments of flavonols obtained as an average over
several independent EOAM measurements in different
solutions are shown in Table III.

The amino-group in the side ring of 3-hydroxy-
flavone has a substantial influence on the m-electron den-
sity distribution in the ground state, and an even more
stronger influence in the excited S;-state [18-23]. From
our results follows that the intramolecular H-bond be-
tween the hydroxy-group and carbonyl oxygen in the
normal form (Fig. 1) also plays some role in the charge
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Fig. 5. Absorption (solid curve) and electrooptical absorption (B—x = 0, 0—y = 7/2) spectra
of FCR in 1,4-dioxane at T = 298 K.

distribution. Among the studied flavonols (see Table III),
the value of the dipole moment g is lower for FCR
and FME than in the case of FME3ME in all solvents.
This can be understood with the existence of an in-
tramolecular H-bond in the case of FCR and FME, which
partly compensates a negative charge on the carbonyl
oxygen.

Nevertheless, the value of the change of the dipole
moment vector after excitation to the Franck-Condon state
A?p for FCR and FME in different solvents is practically
not solvent dependent. This means that the polarity of the
solvent does not essentially influence on the efficiency of
intramolecular charge transfer and therefore on the dipole
moments of FCR and FME.

Table II. Electrooptical Coefficients Obtained
by EOAM for FME in Toluene at T = 298 K

D (V™2 m?)/10~20 124449

E (V72 m?)/10720 5129.2 + 177
F (CV~1 m?)/10=%0 2782.5 + 62.7
G (CV~' m?)/10~%0 2766.9 + 63
H (C? m2)/10~%0 3221 + 187
I (C2 m?)/10790 3165.3 £ 232

Note. The coefficients and their standard de-
viations were obtained from fitting of the ex-
perimental L values by the program SYSTAT
version 7.0 according to Eq. (2).

CONCLUSIONS

As follows from our experiments in the case of FCR,
FME, and FME3ME the ground and excited Franck-
Condon state electrical dipole moments are parallel to
each other and also parallel to the transition dipole mo-
ment. The electrical dipole moments of the normal form of
FCR, FME, and FME3ME in the ground state in different
solvents have values within the range (12.0-17.7) x 1073
C m. Upon optical excitation the dipole moments increase
by (41.9-52.9) x1073° C m. This increase of the dipole
moments is much larger than in the case of the parent 3-
hydroxyflavone [11] and can be explained by intramolec-
ular charge transfer from the amino group to the carbonyl
group. Among the studied flavonols, p, of FME3ME is
lager then those of FCR and FME. This effect can be
explained by the existence of an intramolecular H-bond
in the case of FCR and FME, which partly compensates
a negative charge on the carbonyl oxygen in the ground
state. The value of the change of the dipole moment vec-
tor after excitation to the Franck-Condon state A% and
the value of the vector uF¢ for FCR and FME in different
solvents is practically equal for every compound. Hence,
FCR and FME are very perspective probes for the investi-
gation of dielectric interactions in biological systems due
to their large values of the dipole moments and the in-
dependence of these values on the polarity of the sites.
Also, due to the large value of A%u for FCR and FME the
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Fig. 6. Plot of L(v, x = 0)v, x = 0) versus L(v, x = w/2)vx = 7/2) of FCR in 1,4-dioxane
at T = 298 K. The points show the experimental data and the line is their approximation by a

linear fit.

electronic spectra of these probes are inhomogeneously
broadened, as is shown in Ref. 18. Hence, it is possible
to excite selectively the probes located in different sites,
and study the distribution of micropolarity in biolog-
ical membranes. Additional information about dielec-
tric interactions in the surrounding may be obtained

Table III. The Average Values of the Dipole Moments of FCR, FME,
and FME3ME in Different Solvents at T = 298 K obtained from
Several Independent Measurements (1 Debye = 0.3 x 1073°C m)

el A/ ukc/

Molecule (107¥Cm) (1073°Cm) (1073°C m)
FCR in 1,4-dioxane 153+04 471+£16 624+12
FCR in toluene 16.1 £0.1 48.8+0.1 649+0.2
FCR in cyclohexane 15115 503+£23 654+12
FME in 1,4-dioxane 14.1+£0.1 451+£095 59.24+0.95
FME in toluene 156+£0.1 47.7+£0.03 63.3+0.13
FME in cyclohexane 120£02 523+23 643+20
FME3ME in 1,4-dioxane 177+£0.1 504+16 681%1.5
FME3ME in toluene 177 +£0.1 529+£0.1 70.6+£0.2
FME3ME in cyclohexane 164+03 419+£03 583+£0.6

Note. pig-the dipole moment in the ground state, A*u-the change of
the dipole moment vector with excitation to the Franck-Condon state,
uFC-the dipole moment in the excited Franck-Condon state.

from the ratio of the I/l fluorescence peak intensi-
ties of the normal form and phototautomer, which al-
lows two-wavelength ratiometric detection in biological
systems.
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