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HIGHLIGHTS

« Three 9-(diphenylamine)acridine dyes of the donor-acceptor type were synthesized.

« The acceptor and donor fragments are close to perpendicularity in the neutral forms of the dyes.

« The fluorescence bands of the dyes are red-shifted as compared to other known 9-aminoaryl-substituted acridines.
« The synthesized dyes exhibit a significant solvatofluorochromic effect and can be used as fluorescent chemosensors.
« Structural features and electronic properties of the dyes are accurately described within the TD-DFT framework.
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The synthesis of three 9-diarylamino-substituted acridines is reported. The compounds of the
donor-acceptor type - N,N-diphenylacridin-9-amine (1), 2,7-dimethyl-N,N-bis(4-methylphenyl)acridin-
9-amine (2), and 2,7-bis(1-methyl-1-phenylethyl)-N,N-bis[4-(1-methyl-1-phenylethyl)phenyl]acridin-
9-amine (3) were characterized by IR, 'H and '*C NMR, mass-spectral and elemental analysis. The crystal
structures of compounds 1-3 and their protonated forms were determined by X-ray diffraction analysis.
The absorption and fluorescence spectra were measured in various solvents. Solvatochromic shifts and
dependence of the fluorescence quantum yields on the solvent polarity and protonation suggest the
use of these compounds as chemical sensors. An example of a sensor material based on compound 2 is
presented. Density functional theory calculations of the structures and time-dependent density func-
tional theory calculations of the gas-phase excitation and emission energies of 1 were performed at
the PBEO/SVP level of theory.
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1. Introduction

Acridine derivatives are known to be one of the oldest classes of
bioactive compounds [1]. In particular, proflavine and 9-aminoacri-
dine were earlier widely used as antibacterial agents, whereas vari-
ous derivatives of 9-arylaminoacridines are presently being studied
as anticancer drugs [2,3]. The biological activity of the acridines is
based on the ability of acridine moiety to intercalate between base
pairs of double-stranded DNA through m—m interactions that leads
to alteration in the cellular machinery [4]. In the case of 9-arylami-
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noacridines, the formation of ternary drug/DNA/enzyme complexes
was stated [2,5]. In these complexes, the acridine moiety and aniline
ring are suggested to be the DNA-binding and the enzyme-binding
domains, respectively.

The photophysical properties of acridines have been widely
investigated, both experimentally and theoretically [6-19,4,20-
26]. In particular, 9-aryl- and 9-aminoaryl-substituted acridine
and acridinium ion systems have received much attention because
their photoexcitation was shown to result in the intramolecular
electron transfer [9,11,12,14,15,18,4,22-24]. The most interesting
photophysical and structural effects were demonstrated for 9-
mesityl-10-methylacridinium ion [4,25,26] exhibiting an unusu-
ally long-lived electron transfer state on photoexcitation.

Because intramolecular charge transfer (ICT) states may differ
markedly from the parent ground states in their molecular
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structure, structural changes accompanying ICT in 9-aminoarylac-
ridines and corresponding acridinium ions were widely discussed
in the framework of the twisted intramolecular charge transfer
(TICT) model [15,18,22,23].

In our earlier study [27], we have briefly described the photoin-
duced synthesis of 9-diphenylamino-substituted acridine 1. More
recently [28], it was shown that its methyl derivative 2 exhibits a
well-pronounced solvatofluorochromic effect comparable with
that of well-known dye Nile Red. This feature of 2 was used to de-
velop polymer layers sensitive to vapors of polar solvents such as
acetone or ethanol [29]. Protonated 2 was used as molecular sensor
for recognition of ammonia vapor [30].

In order to better understand the relationship between the
structure of 9-diarylamino-substituted acridines and their absorp-
tion and fluorescent properties, we have performed X-ray diffrac-
tion analysis and carried out detailed spectroscopic studies of
three acridine derivatives 1-3 in their neutral and protonated
forms. In addition, DFT calculations of the structures and TD-DFT
calculations of the gas-phase excitation and emission energies of
neutral and protonated 1 were performed at the PBEQ/SVP level
of theory.

2. Experimental
2.1. General

All the solvents for optical studies (spectroscopic grade) were
purchased from Aldrich. Carbon tetrabromide, diphenylamine, di-p-
tolylamine, di[4-(1-methyl-1-phenylethyl)phenyl]amine, fluorescein
(for fluorescence studies) were used as received (Fluka, Aldrich, Merck).

The melting points (uncorrected) were measured in capillaries
on a Mel-Temp Il instrument. The 'H and '*C NMR spectra were
recorded on a Bruker DRX500 spectrometer (500.13 and
125.76 MHz, respectively) in CDCl;z and CgDg at 25 °C using the
signal from the solvents as the internal standards (éy 7.27 and
7.15, 5¢c 77.00 and 128.00, respectively). The chemical shifts were
measured with an accuracy of 0.01 ppm and the spin-spin
coupling constants were determined with an accuracy of 0.1 Hz.
The mass spectra were obtained on a Varian MAT 311A instrument
using a direct inlet system; the ionization energy was 70 eV.
High-resolution ESI mass spectra were measured on a Bruker
Daltonics MicrOTOF II instrument in the range of m/z=50-3000
for positive ions (MeCN solution inlet, nitrogen gas flow, 4500 V
capillary voltage). Elemental analyses were performed at the
Laboratory of Microanalysis of the A.N. Nesmeyanov Institute of
Organoelement Compounds of the Russian Academy of Sciences
(Moscow).

2.2. Synthesis of acridine derivatives 1-3 (general procedure)

A solution of a mixture of diarylamine (6 mmol) and carbon
tetrabromide (330 mg, 1 mmol) in hexane (50 mL) was placed in
Pyrex bulb and irradiated with sunlight for 4 weeks (Scheme 1).
The purple precipitate thus formed (hydrobromide of 1-3) was
decanted, dissolved in benzene, washed with NaHCO; solution
(aq, sat.) and evaporated in vacuo. The residue was purified by
column chromatography on aluminium oxide (90 neutral, 0.063-
0.200 mm, Merck) using a 5:1 benzene-EtOAc mixture. The com-
pound 1-3 was re-crystallized from MeCN.

2.2.1. N,N-Diphenylacridin-9-amine (1)
N,N-Diphenylacridin-9-amine (1) was additionally purified
from an impurity of triphenylmethane dye on the stage of
hydrobromide salt separation. The solid hydrobromide of 1 was
extracted with acetone (3 x 20 mL), the mother solution was

evaporated in vacuo and the residue then was purified as described
in Section 2.2. Compound 1 was obtained as a yellow crystalline
powder (yield 19%); m.p. 235-236 °C. 'H NMR (CDCl3) &: 6.97 (t,
2 H, 2 H(4), J=7.3 Hz), 7.07 (d, 4 H, 2 H(2'), 2 H(6'), ] = 8.6 Hz),
7.21 (t, 4 H, 2 H(3'), 2 H(5), J=7.9 Hz), 7.41 (m, 2 H, H(3), H(6)),
7.74 (m, 2 H, H(2), H(7)), 8.09 (d, 2 H, H(4), H(5), J = 8.6 Hz), 8.30
(d, 2 H, H(1), H(8), J =9.2 Hz) ppm. *C NMR (CDCl5) §: 121.09 (4
C), 122.20 (2 C), 124.59 (2 C), 125.34 (2 C), 126.45 (2 C), 129.43
(4 C), 130.11 (4 C), 147.58 (2 C), 147.77 (C(9)), 150.80 (2 C) ppm.
MS m/z: 346 [M*] (100), 267 (4), 242 (5), 177 (4), 167 (5), 148
(5), 101 (8), 84 (6), 69 (5), 57 (10). Calcd. for C35H;gN,-0.6H,0: C
84.05, H 5.42, N 7.84; found: C 83.95, H 5.26, N 7.70%.

2.2.2. 2,7-Dimethyl-N,N-bis(4-methylphenyl)acridin-9-amine (2)

2,7-Dimethyl-N,N-bis(4-methylphenyl)acridin-9-amine (2) was
obtained as a yellow crystalline powder (yield 16%); m.p. 178-
179 °C. 'TH NMR (CgDg) 6: 2.00 (s, 6 H, 2 Me), 2.02 (s, 6 H, 2 Me),
6.78 (d, 4 H, 2 H(2'), 2 H(6'), J=8.4Hz), 7.00 (d, 4 H, 2 H(3'), 2
H(5'), J=8.4Hz), 7.17 (dd, 2 H, H(3), H(6), J=8.6 Hz, J = 1.8 Hz),
8.03 (br.s, 2 H, H(1), H(8)), 8.45 (d, 2 H, H(4), H(5), J=8.6 Hz)
ppm. 13C NMR (CgDg) 6: 20.54 (2 Me), 22.01 (2 Me), 121.11 (4 C),
122.98 (2 C), 126.16 (2 C), 130.36 (4 C), 131.10 (2 C), 131.18 (2
C), 132.40 (2 C), 136.47 (2 C), 146.09 (2 C), 146.18 (C(9)), 150.28
(2 C) ppm. MS m/z: 402 [M*] (100), 296 (6), 295 (5), 282 (3), 191
(3), 185 (3), 147 (3), 91 (6), 84 (7), 57 (6). Calcd. for Co9HpgN>: C
86.53, H 6.51, N 6.96; found: C 86.54, H 6.47, N 6.98%.

2.2.3. 2,7-Bis(1-methyl-1-phenylethyl)-N,N-bis[4-(1-methyl-1-
phenylethyl)phenyl]acridin-9-amine (3)

2,7-Bis(1-methyl-1-phenylethyl)-N,N-bis[4-(1-methyl-1-phen-
ylethyl)phenyl]acridin-9-amine (3) was obtained as a yellow pow-
der (yield 21%); m.p. 185-186 °C. 'H NMR (CDCls) 6: 1.54 (s, 12 H, 4
Me), 1.67 (s, 12 H, 4 Me), 7.05 (d, 4 H, 2 H(2"), 2 H(6'), ] = 8.5 Hz),
7.11 (d, 4 H, 2 H(2"), 2 H(6"), J=7.3 Hz), 7.14 (d, 4 H, 2 H(3), 2
H(5'), J=8.5Hz), 7.16 (t, 2 H, 2 H(4"), J=6.1 Hz), 7.20 (m, 6 H, 2
H(3"), 2 H(4"), 2 H(5")), 7.25 (m, 8 H, 2 H(2"), 2 H(3"), 2 H(5"), 2
H(6")), 7.29 (br.d, 2 H, H(3), H(6), J=9.2 Hz), 8.02 (d, 2 H, H(4),
H(5), J=9.2 Hz), 8.05 (br.s, 2 H, H(1), H(8)) ppm. '>C NMR (CDCl3)
5: 29.91 (4 Me), 30.71 (4 Me), 42.43 (2 CMe;), 43.18 (2 CMey),
119.94 (2 C), 121.33 (4 C), 123.62 (2 C), 125.56 (2 C), 125.79 (2
C), 126.65 (4 C), 126.70 (4 C), 127.77 (4 C), 127.96 (4 C), 128.13
(4 C), 129.57 (2 C), 131.08 (2 C), 144.70 (2 C), 146.08 (2 C),
147.30 (2 C), 147.62 (C(9)), 149.38 (2 C), 149.47 (2 C), 150.54 (2
C) ppm. ESI MS m/z: 841.4492 (calc. for Cg;HsgN,-Na™: 841.4498),
819.4672 (calc. for Cg1HsgNy-H': 819.4678). Caled. for CgiHsgNy:
C 89.44, H 7.14, N 3.42; found: C 89.34, H 7.18, N 3.44%.

2.3. X-ray crystallography

Yellow crystals of compounds 1, 2 were grown by slow evapo-
ration of a solution in a mixture of CH,Cl,-hexane (~1:1, v/v) at
room temperature. Purple crystals of salts 1-HClO4, 3-HCIO4 were
grown by slow saturation of a MeCN-benzene solution (~1:1, v/
v) of the compounds 1, 3 in the presence of excess perchloric acid
with a hexane-benzene mixture (~2:1, v/v) by the vapor diffusion
method at room temperature. Single crystals of each of the com-
pounds was coated with perfluorinated oil and mounted on a Bru-
ker SMART CCD diffractometer (graphite monochromatized Mo Ko
radiation, 4=0.71073 A, w-scan mode) under a stream of cooled
nitrogen.

All the structures were solved by direct methods and refined
with full-matrix least-squares on F? in anisotropic approximation
for all non-hydrogen atoms (except for O atoms of disordered per-
chlorate anion in 1.HCIO, which were refined isotropically). The
positions of hydrogen atoms at carbon atoms were calculated
geometrically and then refined isotropically (for 2), using a riding
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model (for 1-HCIO4), or a mixed scheme (isotropically and a riding
model for 1, 3-HClO4-MeCN). In protonated structures, the hydro-
gen atom at N(1) atom was located from the Fourier syntheses
and then refined isotropically.

In structure 1-HCIOy, the Cl(1)0, ion is strongly disordered over
four close positions with the ratio of occupancies
0.40:0.25:0.20:0.15 (rotation about CI(1) atom). SADI command
was applied to the oxygen atoms of this anion to constrain dis-
tances between them. In structure 3-HClIO4-MeCN, one of two
PhCMe,CgH,4 fragments is disordered with the ratio of occupancies
0.55:0.45 and the phenyl substituent in the predominant con-
former of this fragment is also disordered with the equal ratio of
occupancies. SADI, ISOR, and AFIX66 commands were applied to
constrain this disorder.

The calculations of the structures were performed using the
SHELXTL-Plus software package [31]. Crystal data and data collec-
tions and refinement details are summarized in Table 1.

2.4. Spectroscopic measurements

The absorption spectra were recorded on a Shimadzu UV-
3101PC spectrophotometer. The absorption spectra of neutral
forms of 1-3 were measured at room temperature in 1-cm quartz
cells in solvents of different polarity. The concentrations used were
in the range of 7 x 107® to 9 x 10> M. The absorption spectra of
protonated forms of 1-3 were recorded in methanol with addition
of 1M HCI.

The fluorescence emission spectra were measured at 25 °C on a
Fluorolog 3t (Jobin Yvon, France) spectrofluorometer using a stan-
dard fluorescence 1-cm quartz cell in a temperature-controlled cell
holder. The dye concentrations were selected at a sufficiently low
level (107> M) in order to prevent the self-quenching effect. Before
measurements, all solutions were deaerated by purging with argon
for 3 min. The emission spectra were corrected for the wavelength-
dependent response of the detection system measured with the
help of the Calibration Kit Spectral Fluorescence Standards (Sig-
ma-Aldrich, No. 97003). The excitation wavelength of 430 nm
and spectral bandwidths of 3 and 1 nm for excitation and emission,
respectively, were used.

The relative fluorescence quantum yields were determined
according to the relationship:

2
“ﬂ&()

where ¢, is the fluorescence quantum yield of a reference com-
pound, A the absorbance, n the solvent refractive index, and F the
area under the corrected fluorescence peak, the index (s) means
sample and (r) means reference. Solution of fluorescein in 0.1 M
NaOH (¢, = 0.9) was used as a reference standard [32].

The fluorescence lifetimes were determined by a phase-modu-
lation method using a Fluorog 3 Spectrofluorometer (Jobin Yvon,
France).

2.5. Measurements of chemosensor characteristics

Sensor films based on compound 2 were prepared by drop-cast-
ing toluene solutions containing polystyrene (5-10%) and 2 (2-
5mM) over a quartz plate. After solvent evaporation, the
polymer-coated quartz plate was used as a cover of a cuvette con-
taining a required solvent. The emission fluorescence spectra were
taken from the back side of polymer films with an SD-2000 fiber-
optic spectrofluorimeter equipped with a reflection/backscattering
probe RP200-7 (Ocean Optics, USA). Upon exposure to saturated
solvent vapor, the fluorescence signal was recorded as a function
of time with an interval of 10-30s.

2.6. Computational details

Quantum-chemical calculations of free 1 and its protonated
form 1-H" were performed using density functional theory (DFT),
which is a well-established method for calculating molecular
structure. Electron transition energies (Sp-S1) were calculated
using time-dependent density functional theory (TD-DFT). In all
calculations the PBEO hybrid functional and Ahlrichs’ double-zeta
polarized SVP basis set were used [33]. Molecular geometries were
optimized in DFT calculations for the ground electron state and in
TD-DFT calculations for the excited electron state.

3. Results and discussion
3.1. Synthesis and NMR studies

A proposed mechanism for the formation of acridine derivatives
1-3 is shown in Scheme S1 (see Supporting Information (SI) to this
article). Compounds 1-3 were obtained in relatively low yields
(16-21%). It seems that such low yields are conditioned by the for-
mation of dark-colored, almost opaque reaction mixtures upon
interaction of a diarylamine with CBr, that results in significant
reaction rate retardation.

The 2D COSY and NOESY spectra of compounds 1-3 were used
to assign the proton signals in '"H NMR spectra (for example, see
Figs. ST and S2 in SI). Analysis of the NOESY spectra revealed that
the cross peaks between acridine protons H(1), H(8) and phenyl
protons H(2’), H(3'), H(5’), H(6’) are very weak. This fact means that
the distances between indicated protons are over 3 A. Hence, the
mean planes of diarylamino groups and the plane of acridine moi-
ety are not parallel.
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Summary of crystal data and structure refinement for 1, 1-HCIO,, 2, and 3-HCIO4-MeCN.
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Structure 1 1.HCIO4 2 3.HCl04-MeCN

Empirical formula Cy5HqgN; Cy5H19CIN, 04 Cy9H26N; Ce3Hg2CIN304

Formula weight (g mol~) 346.41 446.87 402.52 960.61

Color; shape Yellow; plate Purple; plate Yellow; block Purple; needle

Measured temperature (K) 173(2) 173(2) 120.0(2) 173(2)

Crystal system Monoclinic Orthorhombic Triclinic Triclinic

Space group P2,/c Pbca P1 P1

Unit cell dimensions (A, °) a=13.214(4) a=9.248(9) a=28.7616(5) a=8.546(3)
b =8.764(3) b=17.331(17) b =9.8458(5) b=15.161(5)
c=16.194(5) c=26.24(3) c=13.1903(7) c=20.127(7)
o =90 =90 o =81.637(3) o =88.836(7)
B=107.779(5) B=90 B=79.205(2) B =88.900(7)
y=90 7 =90 7 =89.956(3) y =84.880(7)

Volume (A3) 1785.9(9) 4206(7) 1105.43(10) 2596.2(16)

z 4 8 2 2

Dy (gcm™3) 1.288 1.411 1.209 1.229

u (mm™1) 0.076 0.218 0.07 0.126

Absorption correction Not applied Not applied Not applied Not applied

F000) 728 1856 428 1020

0 Range (°) 2.64-28.99 2.48-29.00 1.59-29.00 2.39-30.63

Completeness to 0 (%) 994 99.7 949 94.4

h, k, 1 -18<h<18 -12<h<12 -11<h<11 -12<h<12
-11<k<11 -23<k<23 -13<k<11 21 <k<21
-22<l1<21 -35<1<35 -17<1<17 -28<1<28

Reflections collected 16,881 39,380 8597 30,673

Reflections unique

Unique reflections with I > 20(I)

Number of parameters
Goodness-of-fit on F?
Final R indices [I > 2a(I)]
R indices (all data)

4712 [R(int) = 0.0481]
3034

308

1.115

Ry =0.0669, WR; = 0.1982
Ry =0.1030, wR, = 0.2154

5592 [R(int) = 0.1370]
2491

322

0.954

R, =0.0858, wR; = 0.2375
Ry =0.1863, wR; = 0.2742

5571 [R(int) = 0.0243]
4415

384

1.12

Ry =0.0926, wR; = 0.2878
Ry =0.1071, wR, = 0.2918

15,127 [R(int) = 0.1196]
5251

956

0.92

R, =0.0827, wR, = 0.1218
Ry =0.2406, WR; = 0.1686

Residual highest peak and deepest hole (e A=3) 1.211, -0.172

1.351, —0.440

0.514, —0.477 0.240, —0.330

3.2. X-ray diffraction studies

The structures of compounds 1, 2 and protonated forms 1.-HClO,4
and 3-HCIO4 were determined by an X-ray diffraction analysis and
are shown in Fig. 1. Selected geometric characteristics are pre-
sented in Table 2. It should be noted that information on crystallo-
graphic parameters of 9-diphenylaminoacridine and its derivatives
is lacking in the Cambridge Crystallographic Database (version
5.32, 2011 release).

The results obtained show that the bond distances N(2)-C(7)
(1.394-1.428 A) are shorter than the typical single bond distance
(1.46 A), suggesting a conjugation of the diphenylamino group
with the aromatic system of acridine. In all the structures, the
sum of the bond angles around N(2) atom is close to 360°, thus
indicating its sp?> hybridization state. The dihedral angle
N(1),C(1)...C(13)/N(2),C(7),C(14),C(20) (1) between the acridine
and diphehylamine subunits varies in the range of 46-78°. This an-
gle depends on the nature of the substituent groups and the charge
state of a compound. For example, the acceptor and donor frag-
ments in 1 are close to perpendicularity (o; = 78°). Protonation
leads to shortening of the N(2)-C(7) bond length (from 1.428 to
1.413 A for compound 1) and formation of a more planar confor-
mation (o; decreases to 65° in 1-H*).

The angles C(14)...C(19)/N(2),C(7),C(14),C(20) and
C(20)...C(25)/N(2),C(7),C(14),C(20) (o> and «3) indicating rotation
of the phenyl groups vary over a range of 26-41°. It seems most
probable that specific values of these angles are determined by
the packing requirements of a compound.

3.3. Absorption spectra of neutral and protonated species
The UV-visible spectra of 1-3 were measured in different sol-

vents at room temperature. For all the compounds, the absorption
spectra in the region of 240-500 nm have similar structure and

consist of four bands. As an example, Fig. 2 shows the absorption
spectrum of 1 in methanol with maxima at 249, 283, 362, and
453 nm.

It was found that the positions and molar extinctions of the first
three short-wavelength bands of compounds 1-3 are nearly inde-
pendent of the solvent polarity. By contrast, their unstructured
long-wavelength absorption bands in the region of 450-460 nm
exhibit small bathochromic shifts and decreases in the extinction
with increase in solvent polarity. For example, for 1 the molar
extinction coefficient is equal to 11,700, 10,700 and 10,300 M~! -
cm~! in cyclohexane, 1,4-dioxane and DMSO, respectively. It is
interesting that compound 3 having more bulky substituent groups
exhibits higher extinction than 1 and 2 (17,400, 15,700 and
15000M~'cm™! in cyclohexane, 1,4-dioxane and DMSO,
respectively).

As seen, the second structured absorption band is centered at
about 360 nm. It should be noted that this band is common to acri-
dine and all its derivatives [6-8,12,15,23].

The existence of a broad structureless absorption band red-
shifted relative to the 360-nm band is typical of all the aryl- and
aminoaryl-substituted acridines, as well as corresponding acridini-
um systems [18]. According to Herbich et al. [11,14,15], 9-amino-
arylacridines are donor-acceptor compounds containing aromatic
amines as an electron donor and acridine as an acceptor. For these
donor-acceptor compounds, the ICT leads to the appearance of
low-energy charge-transfer absorption band. Note that 9-(4-ami-
nophenyl)acridine containing aniline as an electron donor is the
most widely studied compound of this type [11,12,14,15,22-24]
and may therefore be considered as a reference donor-acceptor
structure. Direct evidence that excitation of 9-(4-N,N-dimethylam-
inophenyl)acridine results in ICT followed by the appearance of
acridine anion-radical transient spectra was obtained by picosec-
ond flash photolysis [18]. Analogus results (the appearance of tran-
sient absorption spectra of aniline radical cation and acridinium
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Fig. 1. Structures of (a) 1, (b) 2, (c) 1-HCIO4, and (d) 3-HCIO4-MeCN. All non-hydrogen atoms are shown at (a and d) 40% or (b and c) 50% probability of their thermal
anisotropic displacement parameters (except for O atoms of the disordered anion in 1-HClOy). In structure 3-HClO4-MeCN, the most hydrogen atoms are not shown for clarity.

radical) were obtained earlier by Jones et al. for 10-methyl-9-(4-
aminophenyl)acridinium ion by femtosecond laser flash photolysis
[12].

Thus, the synthesized compounds 1-3 exhibit absorption spec-
tra characteristic of typical donor-acceptor compounds.

Protonation of acridine nitrogen produces positively charged
molecular ions 1-H*-3-H". It was stated that protonation of 1-3
changes insignificantly the position and shape of the UV bands in

the 250-400-nm region. At the same time the long-wavelength
band in the region of 450-460 nm is considerably red-shifted
further to the visible region. Fig. 3 shows the positions of two
low-lying absorption bands of protonated forms of compounds
1-3 in acidic methanol.

As can be seen from the spectra, protonation results in consid-
erable red shifts of the absorption bands (for example, about 70 nm
for 1). Experimental data show that the longest wavelength
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Table 2

Selected bond lengths (A), bond and dihedral angles (°) in 1, 1-HClOy, 2, and 3-HCIO4-MeCN.
Parameter 1 2 1.HCIO4 3.HClO4-MeCN
N(2)-C(7) 1.428(2) 1.424(4) 1.413(5) 1.394(3)
N(2)-C(14) 1.415(2) 1.423(5) 1.407(5) 1.433(4)
N(2)-C(20) 1.416(2) 1.430(4) 1.420(5) 1.426(4)
C(7)-N(2)-C(14) 117.5(2) 119.7(3) 120.0(3) 120.6(3)
C(7)-N(2)-C(20) 117.6(2) 117.6(3) 118.4(3) 120.2(3)
C(14)-N(2)-C(20) 124.9(2) 121.9(3) 121.5(3) 119.1(2)
Sum of bond angles about atom N(2) 360.0(2) 359.2(3) 359.9(3) 359.9(3)
N(1)H...0CI(1)05 2.03(5)-2.24(5) 1.96(3)
N(1)-H...0 167(5)-174(5) 168(3)
N(1),C(1)...C(13)/N(2),C(7),C(14),C(20) 78 65 68 46
C(14)...C(19)/N(2),C(7),C(14),C(20) 29 29 39 41
C(20)...C(25)/N(2),C(7),C(14),C(20) 26 40 40 38, 33"
N(1),C(1)...C(13)/C(14)...C(19) 89 78 88 74
N(1),C(1)...C(13)/C(20)...C(25) 89 87 90 65, 68"
C(14)...C(19)/C(20)...C(25) 50 63 67 70, 62°

¢ For four conformers.
® For two conformers.

~10* /M'em™

1 1 1
250 300 350 400 450 500
A2/ nm

Fig. 2. Absorption spectrum of 1 in methanol.

0,3 1

0,2

0,0
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Fig. 3. Absorption spectra of protonated 1-3 (C=1 x 107> M) in methanol with
added 1 M HCL

absorption for 2-H* and 3-H* is somewhat longer than that for 1-H".
It should be pointed out that compound 3 in the protonated form
shows a lower extinction than protonated 1 and 2 (7000 M~! cm™!
in comparison with 20,200 and 15,200 M~! cm~! for 1-H" and 2-H",
respectively).

Note that similar red shifts upon protonation were observed by
Mosurkal et al. [23] for 9-(4-aminophenyl)acridine which may be

considered as a reference donor-acceptor structure containing ani-
line as an electron donor. In addition, 10-methyl-9-(4-aminophe-
nyl)acridinium ion was shown to have a wide absorption band
with a maximum at about 530 nm [12].

3.4. Fluorescence properties

The fluorescence bands of neutral 1-3 in contrast to their
absorption bands exhibit significant (up to 3000-4500 cm™!) red
shifts on going from non-polar to polar solvents. Fluorescence
spectra of three representative solutions, 1 in cyclohexane, 1,4-
dioxane, and DMSO, are shown in Fig. 4. For compound 2, more
comprehensive red-shift data are given in Table 3.

To clarify how solvent-solute interactions affect the energy dis-
sipation processes, the fluorescence quantum yields and decay
times of 2 were measured as a function of the E-(30) solvent polar-
ity parameter [34]. Table 3 summarizes the solvent effects on the
spectral position of the fluorescence maxima (A1), quantum
yields (¢q), decay times (7q) and resulting radiative (k) and radia-
tionless (k) rate constants of 2 at room temperature. The rate con-
stants were calculated based on the equations k;= @gq/tq and
kne=(1 - (pﬂ)/fﬂ-

The results listed in Table 3 show a decrease in the singlet ex-
cited state energy of 2 with increasing the Ex(30) value [34]. Simi-
lar results were obtained for compounds 1 and 3. Compared to the
cyclohexane solution, all other solutions of 1-3 show marked red
shifts of the fluorescence bands. These results closely resemble
those obtained by Herbich and Kapturkiewicz for 9-(dimethylam-
inophenyl)acridine and related compounds [15]. According to their
interpretation, the marked solvent effect implies that the lowest
singlet excited state of aminoarylacridines possesses charge-trans-
fer character.

It is evident from the data in Table 3 that the fluorescence life-
time of 2 reduces parallel with the fluorescence quantum yield
when solvent polarity increases. Nevertheless, the radiative rate
constant decreases markedly with increasing solvent polarity. Note
that similar effect was observed for 9-(dimethylaminophenyl)acri-
dine [15]. The decrease in k, proceeding toward polar solvents can
be rationalized in terms of the Strickler and Berg equation [35]
which predicts that the radiative rate constant decreases approxi-
mately as the cube of the emission wavenumber. Therefore, a
smaller k; is expected in polar solvent because of the red shift of
the fluorescence spectrum. As in the case of hydroxy-substituted
Nile Red, the increase in k,, can be explained based on the energy
gap law [36].
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Fig. 4. Normalized room-temperature fluorescence spectra of 1 in (1) cyclohexane,
(2) 1,4-dioxane, and (3) DMSO.

Protonated forms of 1-3 exhibit no fluorescence in acidic alco-
hol solutions that can be attributed to fluorescence quenching in-
duced by hydrogen bonding. However, they do exhibit detectable
fluorescence in the region of 630-650 nm in polymer films. As an
example, Fig. 5 shows the fluorescence spectra of 3-HBr formed
in the course of photo-initiated synthesis from di[4-(1-methyl-1-
phenylethyl)phenyl]amine and CBr, in polystyrene films (see
Scheme S1 in SI).

Thus, the fluorescence spectra of protonated forms of 1-3 in
polymer matrices are significantly (up to 100 nm) shifted to the
longer wavelengths as compared to spectra of their neutral forms.
It should be pointed out that this feature may be used for the
development of fluorescent sensor materials changing their fluo-
rescence from red to green upon exposure to ammonia vapors
[30] as well as to vapors of other amines and pyridine.

3.5. Sensing properties

Solvatofluorochromic properties of 1-3 can be used to develop
solvent-responsive sensor materials. Fig. 6 shows typical fluores-
cence responses of a thin polystyrene film doped with 2 upon
exposure to saturated vapor of polar solvents. As can be seen, dif-
fusion of analyte molecules (in this case molecules of toluene or
chloroform) into dye-doped polymer matrices results in fluores-
cence quenching and progressive bathochromic shifts of the fluo-
rescence maximum. The observed shifts and quenching are
completely reversible. Measured emission shift and intensity
change are characteristic of each analyte and can be used for its
identification.

The use of protonated 2 as a fluorescent molecular sensor for
recognition of proton-accepting compounds in the gas phase is

Table 3
Photophysical properties of 2 in various solvents.
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Fig. 5. Time-dependent fluorescence emission spectra of a polystyrene film
containing di[4-(1-methyl-1-phenylethyl)phenyl]amine and CBr4 upon exposure
to UV light (4=375nm) at 0, 10, 20, 30, 40, 50, 60, and 70 s (bottom to top).

illustrated in Fig. 7. As seen, upon exposure to ammonia vapor
the fluorescence maximum of a polystyrene film with immobilized
2.H* shifts from 630 to 530 nm.

3.6. Results of DFT modeling

The structure and electronic properties of 1, protonated form
1.H* and electronically excited 1° were investigated theoretically
by means of quantum mechanical calculations based on density
functional theory (DFT) and time-dependent DFT (TD-DFT) using
the PBEO functional and SVP basis. Geometry optimizations were
performed for the ground states of 1 and 1-H*, and for the lowest
excited state of 1",

In Table 4, selected information regarding the calculated equi-
librium state geometries for 1, 1-H" and 1" is presented.

As seen from Table 4, for 1 the predicted and measured bond
lengths about atom N(2) agree reasonably well. Similarly, the
DFT calculation predicts that for 1 the dihedral angles o4, o5, and
a3 are 59°, 33° and 34°, respectively. These values compare favor-
ably with the experimental values of 78°, 29° and 26°. Thus, the
DFT-based equilibrium geometries in the ground state of 1 are
close to these of experimental values.

For protonated form 1.-H", DFT predicts that it must have shorter
N(2)-C(7) bond length (1.371 A instead of 1.415 A), longer N(2)-
C(14) and N(2)-C(20) bond lengths, smaller dihedral angle o,
(42° instead of 59°) and larger angles o, and . This is in good
agreement with obtained X-ray data. Note that for 3.H" the mea-
sured values of N(2)-C(7) bond length and the dihedral angle are
1.394 A and 46°, respectively. Thus, the DFT method correctly pre-
dicts the main geometrical changes involved in protonation of
compounds 1-3.

Solvent Ex(30)* (kcal mol~1) Ao )nm (ecm™) Pn Tq (ns) ke x 107 (s71) kne x 107 (s71)
Cyclohexane 309 488 (20,500) 0.57 29.3 1.95 147
Toluene 33.9 529 (18,900) 0.30 27.0 1.11 2.59
1,4-Dioxane 36.0 558 (17,900) 0.27 24.2 1.12 3.02

THF 36.2 575 (17,400) 0.15 189 0.79 4.50
Chloroform 39.1 592 (16,900) 0.13 18.0 0.72 483
Acetone 42.2 618 (16,200) 0.06 12.5 0.48 7.52

DMSO 45.1 641 (15,600) 0.02 10.2 0.20 9.61
Acetonitrile 45.6 633 (15,800) 0.03 7.8 0.38 124
2-Propanol 48.4 623 (16,000) 0.008 7.2 0.11 13.78

@ See Ref. [34].
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Fig. 6. Time-dependent fluorescence spectra of polystyrene films (thickness ~20 um) doped with 2 upon exposure to saturated vapors of (a) toluene and (b) chloroform
(Zexc = 375 nm, room temperature). Spectra were recorded at every 10 s from the beginning of exposure (top to bottom).
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Fig. 7. Time-dependent fluorescence spectra of a polystyrene film containing 2-H*
upon exposure to ammonia saturated vapor (Jexc =375 nm, room temperature).
Spectra were recorded at every 10 s from the beginning of exposure (bottom to top).

It should be pointed out that similar results were obtained by
Mosurkal et al. [23] and by Lappe and co-workers [22] for 9-(4-
aminophenyl)acridine. At the DFT/B3LYP/6-31G " level of theory,
geometry changes associated in protonating 9-(4-aminophe-
nyl)acridine include shortening of the bond length from 1.49 to
1.46 A for the bond connecting the acridine moiety and the phenyl
group and a decrease in the dihedral angle between the acridine
moiety and the attached phenyl group from 66° to 52° [23].

It is worth noting that DFT predicts a trend to oppose changes in
geometry upon excitation of 1 as compared to those upon proton-
ation: the calculated dihedral angle «; is increased from 59° to 87°,
the N(2)-C(7) bond distance is elongated up to 1.447 A, whereas
the N(2)-C(14) and N(2)-C(20) bond lengths and angles «, and
a3 are reduced. This statement is clearly illustrated in Fig. S3 (SI).
Note that this is in general agreement with the TICT hypothesis
based on the assumption of a perpendicular conformation of two

structural subunits in the first excited state of donor-acceptor
compounds (for example, anthryl and acrydyl derivatives of
dimethylaniline [15,18,37]). It should be mentioned, however, that
excited-state conformational transformations of such compounds
are still a matter of controversy. For example, Herbich and Kap-
turkiewicz based on their experimental data have concluded that
conformation of 9-aminoarylacridines in fluorescent state is more
planar than that in the ground state [15].

The results of TD-DFT-based modeling of absorption and emis-
sion behavior of 1 are presented in Table 5 and Fig. 8.

As seen from Table 5, calculated absorption bands for 1 involve
excitations between the three high-lying occupied orbitals (HOMO,
HOMO-1, HOMO-2) and the two low-lying unoccupied orbitals
(LUMO, LUMO+1). The topology of the four frontier molecular orbi-
tals is shown in Fig. S4 (SI). Structural transformations on going
from 1 to 1.-H* and 1" discussed above result in shifts of the HOMO
and LUMO energy levels and, as a consequence, in decreases of cor-
responding transition energies. As seen, protonation lowers the
gap between the HOMO and the LUMO for 1-H" compared to 1
(from 3.46 to 3.12 eV) and this is reflected in the increase in calcu-
lated absorption wavelength from 449 to 472 nm. Similarly, excita-
tion reduces significantly (up to 2.98 eV) the HOMO-LUMO energy
gap for 1" in comparison with 1 due to a decrease of the LUMO
energy level and an increase of the HOMO level. As a result, the
calculated gas-phase So-S; transition for 1" is shifted to 584 nm.
Note, that in both cases the predicted trends are in line with exper-
imental results, although there are some discrepancies between
calculated and measured values.

It should be pointed that TD-DFT calculations for the emission
band of the protonated form 1.-H" gave unreasonable strongly
underestimated transition energy, which is evidently due to
known deficiencies of the TD-DFT method in the case of charge-
transfer transitions.

For 1, the calculations suggest that the main contribution to the
lowest energy absorption in the region of 450 nm is the HOMO-
LUMO transition, whereas the second band at 360 nm is mainly
due to the electronic transition from HOMO-1 to LUMO. The results

Table 4
Bond lengths (A) and dihedral angles (°) for neutral 1, protonated form 1-H* and electronically excited 1" calculated at PBEO/SVP level of theory. Experimental values are given in
parentheses.

Compound N(2)-C(7) N(2)-C(14) N(2)-C(20) Dihedral angle o4 Dihedral angles o, o3

1 1.415 (1.428) 1.411 (1.415) 1.413 (1.416) 59 (78) 33,34 (29, 26)

1.H* 1.371 (1.413) 1.426 (1.407) 1.433 (1.420) 42 (68) 42,49 (39, 40)

1 1.447 1.377 1.397 87 21,33
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Table 5

Electronic excitation energies and corresponding oscillator strengths (f), main configurations and weight coefficients of the electronically excited states of 1 and 1-H* calculated by
TD-DFT/PBEO/SVP based on the optimized ground and excited state geometries. The experimental values of absorption and fluorescence maxima of 1 in cyclohexane solution and

absorption of 1-H* in methanol are also included.

Compound Transition Orbitals involved HOMO energy LUMO energy Jcalc (Nm/eV) f Jexp (NM)
(individual excitation weight) level (eV) level (eV)
1 So— S HOMO — LUMO (0.944) -2.21 —5.67 449/2.76 0.119 455
So— Sz HOMO-1 - LUMO (0.921) 347/3.57 0.079 369
So— S3 HOMO — LUMO + 1 (0.603) 293/4.23 0.087 286
HOMO-2 — LUMO (0.370)
1H So— Sy HOMO — LUMO (0.970) —-6.09 -9.21 472/2.63 0.307 521
So— Sy HOMO-1 — LUMO (0.935) 382/3.24 0.044 359
1 So— Sy HOMO — LUMO (0.990) -2.56 -5.54 584/2.12 0.019 488
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Fig. 8. Topology and energies of frontier orbitals for 1 and 1 calculated at the PBEO/
SVP level of theory. Red and green arrows represent excitation and emission,
respectively. ST refers to structural transformation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

obtained show that HOMO is localized mainly on the diphenyl-
amino moiety, whereas the HOMO-1 and the LUMO are localized
on the acridine core. Fig. 8 shows the topology of the frontier
molecular orbitals involved in the vertical excitation and emission
of 1. It is interesting that the electron-transfer nature of the So-S;
transition is clearly recognized in the case of 1" for which the
LUMO and HOMO are almost fully localized on the acceptor and
donor moieties, respectively.

Thus, DFT-based calculations predict that the So-S; transition in
1 is basically a charge-transfer excitation connected with charge
transfer from diphenylamino fragment to acridine moiety. On the
other hand, the fact that the HOMO-1 and LUMO are localized pre-
dominantly in acridine unit explains why the position and shape of
the second band at 360 nm are similar in all aryl- and aminoaryl
derivatives of acridine and acridinium ion.

4. Conclusions

We have synthesized three new acridine dyes of donor-accep-
tor type, studied the structure and spectral characteristic of their

neutral and ptotonated forms and performed DFT-based modeling
calculations.

It was found that the synthesized dyes are nonplanar in their
ground state, whereas a pronounced trend toward planarity takes
place upon protonation. The synthesized compounds show low-en-
ergy charge-transfer fluorescence bands which undergo red-shifts
with increasing solvent polarity. The observed increase of the shift
with increasing solvent polarity indicates the charge-transfer char-
acter of the relaxed fluorescent state in polar environment. The
protonation of the dyes extended their UV-visible absorption and
fluorescence spectra further into visible region.

It was shown that observed structural features and electronic
properties of the dyes can be accurately described within the TD-
DFT framework. For the ground state, DFT predicts a strong ten-
dency to coplanarity upon protonation, that is in good agreement
with the obtained experimental data. Calculations show that in
all cases electronic excitation from Sy to S; corresponds to the
HOMO-LUMO transition. Protonation reduces the HOMO-LUMO
energy gap, thus accounting for the observed increase in absorp-
tion wavelength upon protonation. Geometry optimization per-
formed for the first excited state indicates a tendency for
obtaining a more orthogonal conformation upon excitation.

Both neutral and protonated 9-diarylaminoacridines may be
used as fluorescent molecular sensors and may be applied to exam-
ine the structure, dynamics and microenvironment in heteroge-
neous and biological systems.

Appendix A. Supplementary material

CCDC 848689 (1), 848690 (1-HCIO,), 848691 (2), and 848692
(3-HClO4-MeCN) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Center, 12, Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033). Supplementary
data associated with this article can be found, in the online version,
at http://dx.doi.org/10.1016/j.molstruc.2013.09.001.
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