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Fluorescence and absorption spectral parameters of acridine have been studied in solution at
room temperature in the presence of different proton donors aiming to inspect whether or not
acridine can be used as a spectroscopic probe suitable to measure the geometry of hydrogen
bonds under different conditions. It has been shown that the most appropriate spectral parameter
is the position of fluorescence maximum that changes heavily upon a contraction of the N.--H
distance. Presumably, also the intensity of the maximum strongly depends on the hydrogen bond
geometry. These two parameters can be used to establish two independent, mutually complementary
correlations connecting the spectral manifestations and the geometry of hydrogen bond.

1. Introduction

The use of molecular spectroscopic probes is a common strategy in the experimen-
tal study of non-covalent molecular interactions. The spectral properties of a molecule
selected as a probe should satisfy the following requirements: i) monotonous depen-
dence of the essential spectral parameter on the energy or geometry of the studied
interaction; ii) large dynamic range of the spectral changes; iii) detection at low con-
centration; and iv) adaptability to different states of matter. The requirements are listed
in order of their importance. Because of especial chemical and biological importance
of hydrogen bonding this ubiquitous interaction was and remains an important target
for such studies. For example, the frequency and intensity of the OH stretching vi-
bration have been correlated with the H... O distance in OHX hydrogen bonds and
their energies [1-7]. However, the application of these correlations for strong hydro-
gen bonds is often restricted because of anharmonic coupling of this vibration to other
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low-frequency modes [8]. Although, one can identify some other spectroscopic changes
which are correlated with hydrogen bond geometry, the amplitude of these changes is
generally small as compared to the spectral bandwidths [9,10]. In the past some of us,
inspired and driven by H.-H. Limbach, have overcome this problem by employing of
N NMR of pyridine derivatives. This approach is based on the fact that the isotropic
N NMR chemical shift of these species depends monotonically on the N.--H dis-
tance and changes by 125 ppm upon protonation [11,12]. This correlation is especially
powerful for strong hydrogen bonds and has been extensively used to measure the
N- - - H distances in hydrogen bonded complexes of pyridine and its derivatives in the
liquid [13,14] and solid [15] states and at surfaces [16]. It has revealed the effect of
the dielectric permittivity of solvent [17] and specific solvation [18,19] on the geom-
etry of hydrogen bond and has provided understanding of the functional impact of
hydrogen bonds in complex application-relevant systems such as amorphous porous
materials [20,21] and enzymes [22,23]. Later the application of **N NMR of pyridines
has been extended to other non-covalent interactions as well [24].

Despite its many advantages the use of NMR spectroscopy is associated with the
need to keep the concentration of the spectroscopic probe high and to suppress intra-
and intermolecular proton and hydrogen bond exchange by using low temperature. In
contrast, the use of fluorescence and absorption spectroscopy looks very promising
under such circumstances mainly because of its very high sensitivity and short char-
acteristic time-scale [25,26]. Hydrogen bond and proton transfer affect the energies of
sr-orbitals and lone pairs that can be detected experimentally [27-31]. Previous studies
of electronic absorption spectra of nitrogen-containing heterocyclic compounds have
demonstrated that protonation results in a reduction of the energy of the first excited
electronic level and affects the efficiencies of the first and second electronic transi-
tions [32]. These effects are especially pronounced when the nitrogen is conjugated
to a large aromatic system, for example, in acridine. Finally, UV-Vis spectroscopy is
clearly applicable to different states of matter.

The aim of this work is to explore the perspectives of acridine as a room tempera-
ture molecular spectroscopic probe sensitive to hydrogen bonding and proton transfer.
The specific objectives are: (i) to identify a spectral parameter exhibiting the maximal
amplitude of changes upon the formation of hydrogen bond and (ii) to inspect whether
or not this parameter changes monotonously with the geometry of the hydrogen bond.
Special attention has been paid to the position of the maximum of acridine fluorescence.
In order to inspect the applicability of this approach to a broad range of hydrogen bond
geometries both weak and strong proton donors have been used, namely, alcohols and
carboxylic acids. The relative concentrations of the proton donors have been at least two
orders of magnitude higher than that of acridine. This condition favors the presence of
hydrogen-bonded complexes in solution in sufficient concentration.

2. Experimental section

A fluorescence spectrometer LS 50B and a spectrofluorometer Cary Eclipse have
been used to measure the fluorescence of acridine in solution at room temperature.
Absorption spectra were obtained on a UV-VIS Spectrophotometer Cary 50 bio.
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Fig. 1. Normalized fluorescence spectra of: (1) acridine (C=6 x 10-° mol/l) and (2) [acridine-H]*BArF-
in CH,Cl,, Ae =360 nm.

Solvents purities were: dichloromethane (99.5%) and ethanol (95%). All reagents
were purchased from Aldrich with purity of at least 99%. Acridine has been ad-
ditionally purified by the sublimation. The concentrations of acridine, acids and
alcohols were varied in every specific case. A complex of [acridine-H]* with
tetrakis[3,5-bis(trifluoromethyl)phenyl]-borate (BArF~) was obtained as follows:
equimolar amounts of acridine and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]-
borate were stirred in 10 ml of water with few drops of hydrochloric acid (37%) for 12 h
at 330 K. The precipitated [acridine-H]*BArF- salt was filtrated, washed with water
und dried under vacuum.

3. Results
3.1 Spectral changes upon protonation

In Fig. 1 are depicted the normalized fluorescence spectra of acridine and [acridine-
H]™ BArF~ in dichloromethane at room temperature at the excitation wavelength
Aex = 360 nm. The fluorescence maximum of acridine is located at 411 nm. Protona-
tion of acridine results in a shift of the fluorescence maximum to longer wavelengths
up to 487 nm and in increasing of the spectrum intensity. The excitation spectra are
given in Fig. 2. The excitation spectrum of [acridine-H]* BArF~ shows a new band at
380-450 nm, similar to the absorption band, which was studied previously [32].

3.2 Spectral changes upon hydrogen bonding with acids

Interaction of acridine with carboxylic acids of different proton-donating ability
has been studied in aprotic dichloromethane at room temperature. Trifluoroacetic
acid (TFA, pK, = 0.05), dichloroacetic acid (diCIAA, pK, = 1.37), chloroacetic acid
(CIAA, pK, =2.65) and acetic acid (AA, pK, = 4.80) have been used as the proton
donors. The pK, values are given according to [33]. We are aware that the pK, nomen-
clature is valid exclusively for aqueous solutions. Thus, these values are reported here
only as a qualitative estimation of the expected proton-donating ability.



860 Yu. Rozhkova et al.

T T T T T T
240 280 320 360 400 440
wavelenght, nm

Fig. 2. Normalized excitation spectra in CH,Cl, of: (1) acridine (6 x 10~° mol/I), Aem = 450 nm and (2)
[acridine-H]*BArF—, Aen = 485 nm.
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Fig.3. Absorption spectra in CH,Cl, of: (1) acridine (2 x 10~°>mol/I) and (2) a mixture of acridine
(6 x 1075 mol/1) with TFA (3 x 10-° mol/I).

The absorption spectra of acridine in the presence of excess of acid are depicted in
Fig. 3 (TFA) and 4 (CIAA, AA). The main manifestation of intermolecular hydrogen
bond interaction in the case of TFA is the appearance of the new band in the long wave-
length region (380-450 nm). For weaker proton donors — CIAA and AA — one can see
a spectral broadening of the absorption towards long wavelengths. The spectral changes
in fluorescence spectra are pronounced much stronger. Hydrogen bonding to TFA re-
sults in a large red shift of the maximum, Fig. 5. The numerical values of the position
of the maximum of acridine fluorescence in aprotic solution in dichloromethane in the
presence of different acids are listed in Table 1.

For AA the effect of the acid concentration on the fluorescence parameters has
been inspected (Fig. 6). When the concentration of AA is low, 2 x 10~ mol/I, the
fluorescence spectrum resembles the one in the absence of acid. An increase of the con-
centration above 102 mol/I is accompanied by a discontinuous change of the spectrum
and its maximum is shifted close to the value observed in the presence of TFA. For these
spectra we have observed a strong increase of the intensity of acridine fluorescence
upon the increase of the concentration of AA.
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Fig.4. Absorption spectra in CH,Cl, of: (1) acridine (6x 107°mol/I) and mixtures of acridine
(6 x 107 mol/1) with (2) CIAA (2 x 10=* mol/I) and (3) AA (2 x 10~° mol/I).
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Fig. 5. Normalized fluorescence spectra at A, = 360 nm in CH,Cl, of: (1) acridine (2 x 10~°> mol/I) and (2)
a mixture of acridine (6 x 10> mol/I) with TFA (10~° mol/I).

Tablel. The position of the fluorescence maximum of acridine in aprotic solution in CH,ClI, in the pres-
ence of different carboxylic acids and in different alcohols. The pK, values of the proton donors are given
according to [33]. The concentrations of acridine and carboxylic acids were 10-° and 10~° mol/I, respec-
tively.

Complex Proton donor pK, Fluorescence maximum (nm)
[acridine-H]*BArF~ in CH,Cl, - 487
Acridine + TFA in CH,ClI, 0.05 472
Acridine + diCIAA in CH,Cl, 1.37 469
Acridine + CIAA in CH,CI, 2.65 473
Acridine + AA in CH,Cl, 4.80 468
Acridine + PFTB in CH,Cl, 7.05 461
Acridine + HFP in CH,Cl, 9.75 423
Acridine in ethanol 15.24 413

Acridine in CH,Cl, - 411
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Fig.6. Normalized fluorescence spectra at A, =360nm in CH,Cl, of mixtures of: (1) acridine
(2 x 1075 mol/I) with AA (2 x 10~% mol/I), (2) acridine (6 x 10~° mol/1) with AA (2 x 10-2 mol/I), and (3)
acridine (2 x 10~° mol/I) with AA (1 x 10-2 mol/I).
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Fig. 7. Absorption spectra of acridine (6 x 10~° mol/I) in (1) CH,CI, and (2) ethanol.

3.3 Spectral changes upon hydrogen bonding with alcohols

Interaction of acridine with alcohols has been studied using perfluoro-tert-butanol
(1,1,1,3,3,3-Hexafluoro-2-(trifluoromethyl)-2-propanol) (PFTB, pK, = 7.05), hexaflu-
oropropanol (HFP, pK, = 9.75), and ethanol (pK, = 15.24). The pK, values are given
according to [33]. In the two former cases acridine and an alcohol have been dissolved
in dichloromethane. In the latter case acridine has been dissolved in ethanol. The gen-
eral trends of the observed spectral changes are the same as in the case of hydrogen
bonding with acids. Typical absorption and fluorescence spectra are depicted in Figs. 7
and 8, respectively. The absorption spectrum of acridine practically doesn’t change. In
contrast, the intermolecular interactions of acridine can be tracked using the position of
its fluorescence maximum. The numerical values of the position of the maximum are
listed in Table 1. The range of the changes is roughly two-fold larger than for the studied
series of carboxylic acids.

The feasibility to use the fluorescence of acridine to discriminate between interac-
tions with different proton donors present in solution has been studied using mixtures
of acridine and PFTB dissolved in ethanol. The addition of PFTB results in a broaden-
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Fig. 8. Normalized fluorescence spectra of acridine (6 x 10~ mol/I) at A, = 360 nm in (1) CH,Cl, and (2)
ethanol.
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Fig. 9. Normalized fluorescence spectra at A, = 355 nm of acridine (6 x 10-° mol/I) in ethanol without (1)
and in the presence of PFTB: (2) 0.05 mol/I, (3) 0.10 mol/I.

ing of the fluorescence spectra. An increase of its concentration causes a gradual shift
of the maximum towards longer wavelengths, Fig. 9. Thus, when the concentration of
PFTB is above 0.1 mol/I the spectrum resembles the one of the mixture of acridine and
PFTB in dichloromethane.

4. Discussion

In order to solve the aim of this work that is to explore the perspectives of acridine
as a molecular spectroscopic probe sensitive to hydrogen bonding and proton transfer,
we have studied absorption and fluorescence of acridine in solution in the presence of
a number of carboxylic acids and alcohols. The main result obtained in these experi-
ments can be summarized as follows. Fluorescence and absorption spectra of acridine
depend on hydrogen bonding and proton transfer. But emission spectra are more sen-
sitive to intermolecular interactions than absorption spectra — the intensity and the
position of the fluorescence maximum can be recommended as the spectral parameters
of hydrogen bond formation. The fluorescence indicators demonstrate a measureable
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Schemel. Inversion of the electronic levels of acridine in protic and aprotic solvents.

change upon an increase of the concentration of AA, while for alcohols this effect is
either small or absent. The variation of the relative concentrations of alcohols in their
binary mixtures results in a continuous change of the fluorescence parameters that can
be attributed to the overlapping of the fluorescence spectra of different acridine-alcohol
hydrogen bonded complexes.

Thus, our first specific objective, that was to identify a spectral parameter exhibit-
ing the maximal range of changes upon the formation of hydrogen bonds, has been
achieved. This parameter is the position of the fluorescence maximum. The strongest
effect has been observed for the [acridine-H]*BArF~ complex that exhibits a 76 nm
red shift. In the weakly interacting bulky BArF~ anion the electrical charge is delocal-
ized and cannot affect the geometry of hydrogen bond in the conjugated cation [34,35].
Consequently, the mobile proton is completely transferred to acridine and the N---H
distance is the shortest possible.

Presumably, also the intensity of the fluorescence maximum can be used as the
second, complementary spectral parameter. The activation of the fluorescence of het-
erocyclic compounds in polar solution is well known [36—40]. It has been observed
that an increase of the intensity of fluorescence is usually accompanied by a decrease
of the intensity of phosphorescence [37]. This observation led some authors to con-
clude that hydrogen bonding causes a significant change in the intersystem crossing
rate. Consequently, hydrogen bonding may result in the inversion of the S, and the
S... and of the S_.. and the T,,. states of acridine. In the latter case the S,,, state
becomes the lowest one (Scheme 1) [39]. According to estimations within the limits
of the Born-Oppenheimer approximation the probability that the intersystem crossing
from the lowest w7 singlet state to an nzx triplet state followed by an internal con-
version to a phosphorescent triplet state T, is three orders of magnitude higher as
compared to the case when the nzx singlet state is the lowest one [41]. Thus, the in-
terchange of S, and T,,, states due to hydrogen bonding results in an increase of
the quantum vyield of fluorescence and a decrease of the quantum yield of phosphor-
escence.
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Fig.10. The dependence of the position of the fluorescence maximum of hydrogen bonded complexes of
acridine with various proton donors in dichloromethane vs. the pK, value of the proton donors.

However, the evaluation of the intensity of the fluorescence maximum requires an
accurate numerical analysis that is out of the scope of the present work.

Our second specific objective was to inspect whether or not the selected pa-
rameter changes monotonously with the geometry of the hydrogen bond. In Table 1
the positions of fluorescence maxima of acridine measured at low concentrations
of proton donors in solution in dichloromethane and acridine dissolved in ethanol
are listed. The obtained values are correlated with the corresponding pK, values of
the proton-donors in Fig. 10. The proton donating ability of the acids and alcohols
has been selectively varied to cover a wide range of hydrogen bond geometries.
The sigmoidal correlation curve exhibits limits at 411 nm and 487 nm, which cor-
respond to acridine and the [acridine-H]" cation, respectively. A similar dependence
has been obtained by some of us in the past for a series of proton acceptors in-
teracting with a fixed proton donor [42]. Upon the increase of the proton-donating
ability of the donor the mobile proton is gradually shifted towards the acceptor.
This process has been studied in detail recently by **N NMR of pyridine deriva-
tives [11,13]. The position of fluorescence maximum changes slowly when the pK,
of the proton donors is either smaller than 9.75 or large that 7.05. This behavior
can be understood taking into account the effect of the electronic excitation on the
proton-accepting ability [43]. In the first singlet excited state the pK, of [acridine-
H]* is about 10.60, while in the ground state it is only 5.50 [44]. We are aware
that proton transfer for an acid to a base in a medium with a low dielectric permit-
tivity occurs when the pK, of the acid is about three units larger than the pK, of
[base-H]* [11]. Consequently, the electronic excitation of acridine involved in the hy-
drogen bond in solution in dichloromethane results in the protonation of acridine if
the proton donor exhibits in aqueous solution a pK, larger than 8 or 8.5. The curve
in Fig. 10 agrees with this conclusion. The rate constant of the proton transfer is
of the order of 10-°~10~% I/mol-s [45]. Thus, the position of fluorescence maximum
of acridine depends monotonously on the N---H distance and exhibits a jump upon
protonation.
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However, varying the concentration of AA we have observed that the position of
the fluorescence maximum depends on this concentration, Fig. 6. We attribute these
changes to the structure of the hydrogen bonded complexes that are predominant at
different concentrations. In a mixture of a nitrogen-containing heterocyclic base and
a carboxylic acid there can be 1: 1 and 2 : 1 acid-base adducts [46,47]. When the acid
is in excess but its concentration is low, the 1 : 1 adduct dominates. At high concentra-
tions carboxylic acids dimerize and interact with a base as a pair. The resulting complex
contains two hydrogen bonds which can affect each other. This phenomenon is known
as a cooperative interaction of conjugated hydrogen bonds [48—50]. Because of this
interaction the effective acidity of the non-bonded OH-group of the acid open dimer in-
creases and the proton can be transferred further to the base. What remains unknown is
whether the weak changes of the fluorescence parameters at high concentrations of AA
are caused by a shift of the equilibrium between 1:1and 2:1 or between2:1andn:1
(n > 2) acid-base structures. Although we expect that this question can be answered
using the dependence of the fluorescence parameters on the concentration of AA, this
requires an accurate study that is out of the scope of the present work. Thus, we em-
phasize that the numerical values listed in Table 1 can be affected by the presence of
acid-base adducts with structures other than 1: 1.

5. Conclusion

In the present work we have studied absorption and fluorescence of acridine in solution
in dichloromethane in the presence of a number of carboxylic acids and alcohols aiming
to inspect whether or not fluorescence and absorption spectral parameters are sensi-
tive to hydrogen bonding and whether or not acridine can be used as a spectroscopic
probe suitable to measure the geometry of hydrogen bonds and the effective proton-
donating ability of proton-donors under different conditions. It has been shown that the
effect of hydrogen bonding on the absorption spectra of acridine is measurable but in-
sufficient to follow the structural changes in detail. In contrast, both the intensity and
the position of the fluorescence maximum change dramatically upon the contraction of
the N- - - H distance. Consequently, these parameters can be used to establish two inde-
pendent, mutually complementary correlations connecting the spectral manifestations
and the geometry of hydrogen bonds. However, both the establishment of correlations
and the practical use of them can be complicated by a strong overlapping of the flu-
orescence bands of different complexes coexisting in the system under study. At the
same time, if the spectral parameters of individual complexes are known, the analysis
of experimental spectra can provide the instantaneous relative concentration of different
hydrogen bonded species and permits to track the structural changes. It worth to men-
tion that fluorescence spectroscopy exhibits very high sensitivity and requires very low
concentration of the spectroscopic probe.
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