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Adamantaneurea derivatives 1-13 were synthesized and their photophysical properties investigated.
The compounds 1-13 are comprised of a rigid adamantane moiety, 1 or 2 urea groups and different chro-
mophores, as well as methylene spacer between the adamantane and the urea and/or between the urea
and the chromophores. Fluorescence quantum yields and singlet excited state lifetimes were measured
in CH3CN and DMSO. It was found that molecules with methylene spacer between the adamantane and
the urea aggregate in CH3CN, whereas aggregation was not observed in DMSO. The highest tendency to

i?é ‘:'\/eogrgtsi:on aggregation was observed for 9-aminoanthracene derivative 10 and pyrene derivative 13 which aggre-
Anthracenes gate in both solvents. The aggregation probably takes place due to intermolecular H-bonds between the

ureas and m,m-stacking of the aromatic chromophores. Pyrene 13 probably gives rise to excimers and
intermolecular aggregates.
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1. Introduction

Supramolecular self-assembly of molecules, since it was estab-
lished by Lehn [1], turned to a widely accepted and powerful
strategy to generate well-defined functional nanostructures and
materials. For example, by use of tailored building blocks and
noncovalent synthetic approach supramolecular gelators [2], lig-
uid crystals [3], fibers [4], nanotubes [5], and vesicles [6] have
been constructed. Another important aspect of self-assembly of
molecules, is assembly of dyes [7], giving rise to J-aggregates [8]
and H-aggregates [9]. The traditional classification of aggregates is
based on the observed spectral shift of the absorption maximum
compared to the one of the monomer. J-aggregates are character-
ized by a presence of an absorption band that is bathochromically
shifted relative to the monomer absorption, and quite often, by
higher fluorescence quantum yield [10]. On the other hand, H-
aggregates exhibit hypsochromic shifts compared to the monomer
absorption and their fluorescence is strongly quenched. Generally,
for two parallely aligned dye molecules, two exciton states arise
(thatis, two absorption bands), one at the higher energy (“H-band”)
and one at the lower relative to the monomer band (“J-band”). Only
when one of the exciton states is fully forbidden, spectra of per-
fect H- and J-aggregates occur, corresponding to the differences
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in packing and sign of the exciton coupling. The exciton state with
parallel orientation of the transition dipoles to the lines joining cen-
ters of the individual molecules corresponds to J-aggregates (edge
to edge arrangement), whereas H-aggregate consists of an one-
dimensional array of molecules in which the transition moments
of the individual monomers are aligned parallel to each other but
perpendicular to the line joining their centers (face to face arrange-
ment) [11].

Coordination chemistry of anions has in the past two decades
developed into an important field of supramolecular chemistry
because of the important role anions play in biological processes
[12]. The Holy Grail of the anion supramolecular chemistry is
finding receptors for the selective recognition of anionic species,
particularly in the aqueous media, and transport through mem-
branes [13]. Within the on-going research on supramolecular
anion chemistry in our laboratory [14], we turned attention to
adamantylurea derivatives [15]. Recently we reported on anion
binding properties of adamantanebisurea derivatives 3-5 substi-
tuted with 2-naphthyl moiety [16]. The binding of F~, Cl-, Br—,
OAc—,HSO4~,NO5;~ and H,PO4~, was investigated by UV-vis, fluo-
rescence and NMR spectroscopy, and isothermal microcalorimetry.
Measured association constants obtained by NMR and UV-vis
spectroscopy differed significantly. The finding was explained by
probable aggregation of the molecules in the concentration range
for the NMR experiments, whereas aggregation probably did not
take place in the diluted solutions for the UV-vis measurements
[16]. It is well-known that urea derivatives aggregate and give rise
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togels[17]. Moreover, Mendoza et al. recently reported on adaman-
tanebisurea aggregation [18].

Herein we investigate photophysical properties of a series of
adamantanebisurea derivatives 1-13, with the aim of finding suit-
able receptors with desirable properties for the development of
anion sensors. The compounds are strategically designed to probe
for the possibility of aggregation, depending on the aromatic fluo-
rophore, the presence of the methylene spacer between the rigid
adamantane and the urea moieties, and between the urea moi-
eties and the fluorophores. Contrary to the simple aliphatic bisurea
derivatives [17], adamantyl moiety in 1-13 should hinder aggre-
gation of the molecules, particularly in derivatives wherein ureas
are directly connected to the adamantane. We performed a study
by use of UV-vis spectroscopy, as well as steady state and time-
resolved fluorescence.

2. Materials and methods
2.1. General

TH and 13C NMR spectra were recorded on a Bruker Spec-
trometer at 300 or 600 MHz. All NMR spectra were measured in
DMSO-dg using tetramethylsilane as a reference. High-resolution
mass spectra (HRMS) were measured on an Applied Biosys-
tems 4800 Plus MALDI TOF/TOF instrument. Melting points were
obtained using an Original Kofler apparatus and are uncorrected.
IR spectra were recorded on Perkin Elmer M-297 and ABB Bomem
M-102 spectrophotometers. Solvents were purified by distillation.
Adamantane diacids [19] were prepared in the laboratory accord-
ing to known procedure. Amines and anthracene 9-carboxylic acid
were obtained from the usual commercial sources.
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2.2. Synthesis of urea derivatives, general procedure

In a round bottom flask (50 mL), under a stream of N5, the cor-
responding 1,3-adamantane dicarboxylic acid (200 mg, 0.89 mmol)
was suspended in anhydrous toluene (10 mL) and triethylamine
(TEA, 275 pL, 1.96 mmol) was added. The suspension was stirred at
room temperature for 45 min, and then, diphenylphosphoryl azide
(DPPA, 440 p.L, 2.05 mmol) was added. The reaction mixture was
heated at 40°C for 1 h, and after that, 4 h at the temperature of the
reflux. To this mixture a solution of amine (180 pL, 1.96 mmol) in
1 mL of dry toluene was added and the refluxing was continued for
16 h. The solvent was removed on the rotational evaporator and
the residue was treated with methanol. The product in the crystal
form was filtered off, washed with water and methanol, and dried
in vacuum (100 mbar) at 60°C for 1 h.

2.3. 1,3-Bis-[3-(naphthalen-1-yl)ureidoJadamantane (1)

Following the general procedure 1 (170 mg, 38%) was obtained
from 1,3-adamantane dicarboxylic acid (200 mg, 0.89 mmol), tri-
ethylamine (275 pL, 1.96 mmol), DPPA (440 L, 2.05mmol) and
1-aminonaphthalene (281 mg, 1.96 mmol), in 7 mL of dry toluene.

Colourless crystals, mp 233-234°C; 'H NMR (DMSO-dg,
600 MHz) §/ppm 8.36 (br s, 2H), 8.08 (d, 2H, J=8.6 Hz), 8.03 (dd, 2H,
J=1.0Hz,J=7.7Hz),7.88 (dd, 2H,J = 1.2 Hz,J = 8.0 Hz), 7.48-7.56 (m,
6H), 7.39 (t, 2H, J=8.0Hz), 6.56 (br s, 2H), 2.32 (br s, 2H), 2.21 (br s,
2H), 1.99 (d, 4H, J=11.1Hz), 1.93 (d, 4H, J=11.1Hz), 1.60 (br s, 2H);
13C NMR (DMSO-dg, 75 MHz) §/ppm 154.51 (s, 2C), 135.31 (s, 20),
133.87 (s, 2C), 128.58 (d, 2C), 126.10 (d, 2C), 125.90 (d, 2C), 125.55
(d, 2C), 125.39 (s, 2C), 121.90 (d, 2C), 121.29 (d, 2C), 116.09 (d, 2C),
51.70(t, 1C), 46.17 (s, 2C), 40.98 (t, 4C), 35.25 (t, 1C), 29.62 (d, 2C);
IR (KBr) vmax/cm~1 1222 (m), 1258 (m), 1542 (s), 1645 (s), 2912
(m), 3335 (m); HRMS calcd for C33H33;N405 +H 505.2598, found
505.2598.

2.4. 1,3-Bis-{[3-(naphthalen-1-yl)ureido]methyl}
adamantane (2)

Following the general procedure 2 (290 mg, 69%) was obtained
from 1,3-adamantane diacetic acid (200mg, 0.79 mmol), tri-
ethylamine (245 L, 1.74 mmol), DPPA (395 nL, 1.82 mmol) and
1-aminonaphthalene (250 mg, 1.74 mmol) in 7 mL of dry toluene.

Colourless crystals, mp 295-296°C; 'H NMR (DMSO-ds,
600 MHz) §/ppm 8.53 (br s, 2H), 8.11 (d, 2H, J=8.4Hz), 8.07 (d,
2H, J=7.6Hz), 7.88 (dd, 2H, J=7.7 Hz, J=1Hz), 7.49-7.56 (m, 6H),
7.40 (t, 2H, J=7.7Hz), 6.64 (t, 2H, J=5.9Hz), 2.94 (d, 4H, J=5.9 Hz),
2.08 (br's, 2H), 1.61 (br s, 2H), 1.51 (d, 4H, J=11.7Hz), 1.45 (d, 4H,
J=11.7Hz), 1.31 (br s, 2H); 3C NMR (DMSO-dg, 150 MHz) §/ppm
155.71 (s, 2C), 135.30 (s, 2C), 133.69 (s, 2C), 128.38 (d, 2C), 125.94
(d, 2C), 125.68 (d, 2C), 125.32 (d, 2C), 125.07 (s, 2C), 121.60 (d, 2C),
121.14 (d, 2C), 115.69 (d, 2C), 50.73 (t, 2C), 42.55 (s, 2C), 39.39 (¢,
4C), 36.08 (t, 1C), 34.09 (t, 1C), 27.85 (d, 2C), IR (KBr) vpax/cm™!
1238 (m), 1552 (s), 1624 (s), 2902 (m), 3330 (m); HRMS calcd for
C34H36N402 +H 533.2911, found 533.2904.

2.5. 1,3-Bis-[3-(anthracene-2-yl)ureido]adamantane (6)

Following the general procedure 6 (226 mg, 84%) was obtained
from 1,3-adamantane dicarboxylic acid (100 mg, 0.45 mmol), tri-
ethylamine (135 pL, 0.98 mmol), DPPA (220 nL, 1.03 mmol) and
2-aminoanthracene (190 mg, 0.98 mmol) in 10 mL of dry toluene.

Yellowish crystals; mp>300°C; 'H NMR (DMSO-dg, 600 MHz)
8/ppm 8.58 (s, 2H), 8.43 (s, 2H), 8.32 (s, 2H), 8.22 (s, 2H), 7.95-8.02
(m, 6H), 7.45 (dt, 2H, J=6.9Hz, J=1.2Hz) 7.41 (dt, 2H, J=6.9Hz,
J=1.2Hz),7.37 (dd, 2H,J=9.0Hz,J=2.0Hz), 6.18 (br s, 2H), 2.32 (br
s,2H),2.22 (brs,2H),2.00(d, 4H,J=10.9Hz), 1.93 (d,4H,J=10.9 Hz),

1.62 (brs, 2H); 13C NMR (DMSO-dg, 150 MHz) §/ppm 154.14 (s, 2C),
137.56 (s, 2C), 132.28 (s, 2C), 131.76 (s, 2C), 129.84 (s, 2C), 128.73
(d, 2C), 128.09 (d, 2C), 127.92 (s, 2C), 127.54 (d, 2C), 125.77 (d, 2C),
125.48 (d, 2C), 124.41 (d, 2C), 123.97 (d, 2C), 120.91 (d, 2C), 110.50
(d,2C),51.56(t,1C),45.94 (s, 2C),40.81(t,4C),35.12(t,1C),29.48(d,
2C); IR (KBr) vmax/cm~1 1222 (m), 1305 (m), 1547 (s), 1634 (s),2912
(m), 3304 (m), 3386 (m); HRMS calcd for C49H36N40, + H 605.2911,
found 605.2883.

2.6. 1,3-Bis-{[3-(anthracene-2-yl)ureido]methyl}
adamantane (7)

Following the general procedure, 7 (145 mg, 65%) was obtained
from 1,3-adamantane diacetic acid (89 mg, 0.35 mmol), triethy-
lamine (110wL, 0.79mmol), DPPA (175pL, 0.81 mmol) and
2-aminoanthracene (159 mg, 0.78 mmol) in 10 mL of dry toluene.

Grey crystals; mp 293-298°C; 'H NMR (DMSO-dg, 300 MHz)
&/ppm: 8.69 (s, 2H), 8.42 (s, 2H), 8.32 (s, 2H), 8.19 (s, 2H), 7.94-8.04
(m, 6H), 7.38-7.48 (m, 6H), 6.30 (t, J=5.7 Hz 2H, H-7), 2.93 (d, 4H,
J=5.7Hz), 2.07 (br s, 2H), 1.60 (br s, 2H), 1.49 (d, 4H, J=11.7 Hz),
1.42 (d, 4H, J=11.7Hz), 1.28 (br s, 2H); IR (KBr) vmax/cm~! 1240
(m), 1549 (s), 1650 (s), 2851 (w), 2905 (m), 3350 (m), HRMS calcd
for C4oH4oN40, +Na 655.3043, found 655.3061.

2.7. 1,3-Bis-{[3-(anthracene-2-yl)methyl]Jureido}
adamantane (8)

Following the general procedure, 8 (35 mg, 28%) was obtained
from 1,3-adamantane dicarboxylic acid (45 mg, 0.20 mmol), tri-
ethylamine (60 pL, 0.43 mmol), DPPA (98 uL, 0.45mmol) and
2-aminomethylanthracene (90 mg, 0.43mmol) in 10mL of dry
toluene.

Yellowish crystals; mp 280-282°C; 'H NMR (DMSO-dg,
300 MHz) §/ppm: 8.48-8.56 (m, 4H), 7.99-8.12 (m, 6H), 7.85 (br
s, 2H), 7.36-7.57 (m, 6H), 6.25 (br s, 2H), 5.81 (br s, 2H), 4.36 (d,
4H,J=3.9Hz), 2.06-2.20 (m, 4H), 1.75-1.95 (m, 8H), 1.52 (br s, 2H);
IR (KBr) vmax/cm~1 1298 (m), 1559 (s), 1637 (s), 2860 (w), 2918
(m), 3305 (m), 3375 (m); HRMS calcd for C42H4oN40, +K671.2783,
found 671.2781.

2.8. 1,3-Bis-({[3-(anthracene-2-
yl)methylJureido} methyl)adamantane (9)

Following the general procedure, 9 (57 mg, 44%) was obtained
from 1,3-adamantane diacetic acid (50mg, 0.20 mmol), tri-
ethylamine (60 pL, 0.43 mmol), DPPA (98 uL, 0.45mmol) and
2-aminomethylanthracene (90 mg, 0.43mmol) in 10mL of dry
toluene.

Yellowish crystals; mp 292-297°C; 'H NMR (DMSO-dg,
300 MHz) §/ppm: 8.53 (brs, 2H), 8.48 (br s, 2H), 7.99-8.12 (m, 6H),
7.86 (brs, 2H), 7.39-7.54 (m, 6H), 6.41 (t, 2H, J=5.6 Hz), 5.98 (t, 2H,
J=5.6Hz),4.42(d,4H,]=5.6 Hz),2.83 (d, 2H, /= 5.6 Hz), 2.01 (2H, br
s), 1.54 (2H, br s), 1.42 (d, 4H, J=11.9Hz), 1.33 (d, 4H, J=11.9 Hz),
1.12 (br s, 2H); IR (KBr) vmax/cm~! 1308 (m), 1559 (s), 1636 (s),
2853 (w), 2924 (m), 3430 (m); HRMS calcd for C45H49N40, +Na
683.3356, found 683.3339.

2.9. 1,3-Bis-{[3-(anthracene-9-yl)ureidoJmethyl}
adamantane (10)

Following the general procedure, 10 (19 mg, 9%) was obtained
from 1,3-adamantane diacetic acid (89 mg, 0.35 mmol), triethy-
lamine (110 L, 0.78 mmol), DPPA (175pL, 0.81 mmol) and
9-aminoanthracene (150 mg, 0.78 mmol) in 10 mL of dry toluene.

Alternative procedure: In a two-neck round bottom flask, under
a stream of N, 1,3-bis(aminomethyl)adamantane dihydrochloride
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(259mg, 0.97mmol) was suspended in 75mL of anhydrous
THF, and by use of a syringe triethylamine (410 p.L, 2.91 mmol)
was added. By use of a dropping funnel, a solution of 9-
anthraceneisocyanate (425mg, 1.94 mmol) in 30 mL anhydrous
THF was added over 30 min. The reaction mixture was stirred
at room temperature for 1h and heated at reflux over night.
The cooled reaction mixture was filtered through a sinter fun-
nel to separate the precipitated product. The product was
washed by THF, water and methanol, and dried in vacuum
(100bar) at 60°C for 1h to yield 420mg (69%) of the pure
product.

Yellowish crystals; mp>320°C; TH NMR (DMSO-dg, 300 MHz)
&/ppm 8.52 (brs, 2H), 8.49 (br s, 2H), 8.04-8.20 (m, 8H), 7.46-7.58
(m, 8H), 6.38 (br s, 2H), 2.93 (d, 4H, J=5.5Hz), 2.10 (br s, 2H), 1.64
(brs, 2H), 1.54 (d, 4H, J=12.2 Hz), 1.44 (d, 4H, J=12.2 Hz), 1.32 (br
s, 2H); 13C NMR (DMSO-dg, 75 MHz) §/ppm 157.26 (s, 2C), 131.42
(s, 2C), 130.68 (s, 2C), 128.66 (s, 2C), 128.28 (d, 2C), 125.54 (d, 2C),
125.37 (d, 2C), 124.77 (d, 2C), 124.08 (d, 2C), 51.00 (t, 2C), 42.83 (s,
2(),36.18(t, 1C), 34.42 (t, 1C), 27.96 (d, 2C), C-3 is covered with the
signal of DMSO-dg; IR (KBr) vmax/cm~1 1238 (m), 1552 (s), 1619
(s), 2902 (m), 3257 (m), 3319 (m); HRMS calcd for C4oHy4oN405 +H
633.3224, found 633.3207.

2.10. 1,3-Bis-{[3-(anthracene-9-yl)methylJureido}
adamantane (11)

Following the general procedure, 11 (71 mg, 79%) was obtained
from 1,3-adamantane dicarboxylic acid (100 mg, 0.45 mmol), tri-
ethylamine (135 pL, 0.98 mmol), DPPA (220 wL, 1.03 mmol) and
9-aminomethylanthracene (213 mg, 0.98 mmol) in 10mL of dry
toluene.

Yellowish crystals; mp>320°C; TH NMR (DMSO-dg, 600 MHz)
&/ppm 8.59 (s, 2H), 8.41 (d, 2H, J=8.8 Hz), 8.11 (d, 2H, J=8.3 Hz),
7.59 (dd(t), 4H, J=7.2Hz), 7.53 (dd(t), 4H, J=7.4Hz), 6.10 (t, 2H,
J=5.3Hz), 5.53 (br s, 2H), 5.15 (d, 4H, J=5.3Hz), 2.08 (br s, 2H),
1.99 (br s, 2H), 1.78 (br s, 8H), 1.49 (br s, 2H); IR (KBr) vmax/cm~!
1225 (w), 1292 (w), 1338 (w), 1357 (w), 1560 (s), 1623 (s), 2910
(m), 3345 (m); HRMS calcd for C42H49N405 +Na 655.3043, found
655.3061.

2.11. 1,3-Bis-({[3-(anthracene-9-
yl)methylJureido}methyl)adamantane (12)

Following the general procedure, 12 (75 mg, 52%) was obtained
from 1,3-adamantane diacetic acid (55mg, 0.22 mmol), tri-
ethylamine (67 pL, 0.49 mmol), DPPA (109 L, 0.50 mmol) and
9-aminomethylanthracene (100 mg, 0.48 mmol) in 10mL of dry
toluene.

Yellowish crystals; mp>320°C; TH NMR (DMSO-dg, 600 MHz)
S/ppm: 8.59 (s, 2H), 8.42 (d, 2H, J=8.5Hz), 8.11 (d, 2H, J=8.1 Hz),
7.51-7.58 (m, 8H), 6.22 (t, 2H,J=5.1 Hz), 5.64 (t, 2H, J=5.7 Hz), 5.20
(d, 4H, J=5.1Hz), 2.74 (d, 4H, J=5.7Hz), 1.93 (br s, 2H), 1.46 (br s,
2H),1.32(d,4H,J=11.6Hz), 1.22 (d, 4H,J=11.6 Hz), 1.04 (br s, 2H);
IR (KBr) vmax/cm~! 1244 (m), 1559 (s), 1604 (s), 2847 (w), 2905
(m), 3324 (m); HRMS calcd for C44H44N40; +Na 683.3356, found
683.337.

2.12. 1,3-Bis-{[3-(pyrene-1-yl)ureido]methyl}adamantane (13)

Following the general procedure, 13 (158 mg, 58%) was obtained
from 1,3-adamantane diacetic acid (100 mg, 0.40 mmol), tri-
ethylamine (122 pL, 0.87 mmol), DPPA (196 pL, 0.91 mmol) and
1-aminopyrene (189 mg, 0.87 mmol) in 10 mL of dry toluene.

Grey crystals; mp 299-302°C; 'H NMR (DMSO-dg, 600 MHz)
S/ppm: 8.96 (br s, 2H), 8.71 (d, 2H, J=8.3Hz), 8.32 (d, 2H,
J=9.3Hz), 8.14-8.23 (m, 8H), 7.98-8.07 (m, 6H), 6.75 (t, 2H,

J=5.7Hz), 3.02 (d, 4H, J=5.7Hz), 2.13 (br s, 2H), 1.66 (br s,
2H), 1.57 (d, 4H, J=11.6Hz), 1.52 (d, 4H, J=11.6Hz), 1.40 (br
s, 2H); IR (KBr) vmax/cm~! 1239 (m), 1559 (s), 1623 (s), 2899
(m), 3337 (m); HRMS calcd for C46H49N40; +Na 703.3043, found
703.3066.

2.13. UV-vis measurements

The UV-vis measurements were performed on a Varian Carry
100 spectrometer. The compounds were dissolved in CH3CN (J.T.
Baker or Caledon, HPLC grade), or DMSO (Sigma-Aldrich or Fluka,
UV-spectroscopy grade). The measurements were performed at
20°C.

2.14. Steady state and time-resolved fluorescence measurements

The steady state measurements were performed on a Photon
Technology International (PTI) Quanta-Master QM-2 lumines-
cence spectrometer or Cary Eclipse Varian spectrometer. The
compounds were dissolved in CH3CN (HPLC grade), or DMSO
(UV-spectroscopy grade) and the concentrations were adjusted
to have absorbance at the excitation wavelength <0.1. Solutions
were purged with nitrogen for 30 min prior to analysis. The mea-
surements were performed at 20 °C. Fluorescence quantum yields
were determined by comparison of the integral of the emis-
sion bands with the one of NATA (N-acetyltryptophanamide)/H,0
(©=0.14) or quinine sulfate/0.5M H,SO4 (P =0.54) [20]. Typi-
cally, three absorption traces were recorded (and averaged) and
five fluorescence emission traces, excited at five different wave-
lengths. Five quantum yields were calculated and the mean value
reported.

Fluorescence decay histograms were obtained on an Edin-
burgh instrument OB920, equipped with a hydrogen flash lamp
or light emitting diode (excitation wavelength 280, 310, or
365 nm), using time-correlated single photon counting technique
in 1023 channels. Histograms of the instrument response func-
tions (using LUDOX scatterer), and sample decays were recorded
until they typically reached 3 x 103 counts in the peak channel.
The half width of the instrument response function was typi-
cally ~1.5ns. The time increment per channel was 0.019, 0.049,
0.098 or 0.19ns. Obtained histograms were fitted as sums of
exponential using Gaussian-weighted non-linear least-squares fit-
ting based on Marquardt-Levenberg minimization implemented
in the software package of the instrument. The fitting parame-
ters (decay times and pre-exponential factors) were determined
by minimizing the reduced chi-square x2. Additional graphical
method was used to judge the quality of the fit that included
plots of surfaces (“carpets”) of the weighted residuals vs. channel
number.

3. Results and discussion
3.1. Synthesis

Urea derivatives 1-13 were prepared in moderate to good
yields according to a modification of the published procedure
from the corresponding carboxylic acids that were transformed
to isocyanates in situ and reacted with amines (Eq. (1)) [18].
The exception was compound 10 which was prepared also in a
procedure from adamantanediamine derivative and anthracene
isocyanate (Eq.(2)). The alternative procedure furnished product 10
of higher purity. Prior to fluorescence measurements, compounds
were purified three times by crystallization from DMF.
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1) DPPA, TEA

HOOC ~(CHy), (CHz)n/COOH

H
2) Ar-NH, AN

NCO

TEA

n=0,1

“CI*H3N NHz*CI

3.2. UV-vis and fluorescence measurements

Due to low solubility of 1-13 in most solvents, measurements
could only be performed in CH3CN and DMSO. For example, sol-
ubility of 6-13 in CH3CN is lower than 5 x 10-6 mol/dm?3, being
somewhat higher in DMSO (reaching 10~3 mol/dm?). The maxima
in the absorption spectra and the corresponding molar absorption
coefficients, and maxima in the fluorescence spectra are compiled
in Table 1. Quantum yields of fluorescence were measured by use
of two reference compounds, NATA and quinine sulfate. The life-
times were measured by single-photon timing method. The results
are compiled in Table 2.

Absorption spectra of 1-13 are generally characterized by the
expected absorption bands corresponding to the chromophores
in 1-amino (~310nm) or 2-aminonaphthalene (~340nm), 2-
aminoanthracene (300-420nm), 2-methylanthracene (300-
400 nm), 9-aminoanthracene (350-420 nm), 9-methylanthracene
(320-400nm) and 1-aminopyrene (320-400nm) [21]. However,
comparison of the normalized absorption spectra in CH3CN and
DMSO, or spectra of different compounds having the same chro-
mophore reveal differences in the absorption properties, due to
the formation of aggregates (vide infra) which are also indicated
in the corresponding fluorescence spectra.

1-Naphthyl derivatives, compounds 1 and 2, have the same
chromophore. Consequently, they should exhibit the same or sim-
ilar spectral properties. Indeed, normalized absorption spectra in
DMSO perfectly overlap, as well as fluorescence spectra recorded
in DMSO. However, the absorption spectra of 1 and 2 in CH3CN
show slight difference which becomes more pronounced in the
corresponding fluorescence spectra (Fig. 1). Compound 2 exhibit
bathochromic shift in the absorption spectrum of 5nm, whereas
the difference of 20 nm was observed in the fluorescence spectra.
In addition to bathochromic shifts in the spectra, quantum yield
of fluorescence slightly decreased from 0.39 to 0.32. The finding
suggests aggregation of 2 in CH3CN, which however does not take
place in DMSO. Interestingly, after heating of the CH3CN solution
of 2 and cooling to the room temperature, normalized fluores-
cence spectra of 1 and 2 showed perfect overlap indicating that
aggregates were not present anymore. Aggregation is probably a
slow process taking place over several hours, as reported for some
other urea derivatives [17]. Thus, immediately after the heating and
cooling, aggregates were not present in the solution. Fluorescence
decay for both compounds in both solvents revealed bi-exponential
behavior. Bi-exponential decay of 1-aminonaphthalenes has been
reported [22]. It may be attributed to the population of a CT state
in a polar solvent [22], presence of L, and L, excited states of the 1-
aminonaphthalene chromophore [23], or the presence of rotamers
(due to restricted rotation around the naphthalene nitrogen or the

\H/N\(CHz)n

1 Y

H NN
(CH2)n/ \n/ SAr
(0]

113 1)

10 l

nitrogen carbonyl bond) with different singlet excited state life-
times. Similar to the steady-state spectra, fluorescence decay of 2 in
CH3CN changed after heating and cooling of the solution (Table 2),
in agreement with the disappearance of the aggregates after heat-
ing.

Urea derivatives 1-13 can in principle aggregate due to the
formation of intermolecular H-bonds between the urea moieties
[17], and m,m-stacking of the aromatic rings [24]. Observation of
the aggregation of derivative 2 wherein the ureas are separated
from the rigid bulky adamantanes, in CH3CN and not in DMSO,
suggests that molecules aggregate due to intermolecular H-bonds
between the urea moieties which is not possible in 1 due to the
sterical hindrance of the adamantane. However, since we observed
only small changes in the absorption spectra for the 1-naphthyl
derivative we cannot undoubtedly assign the aggregates to H- or
J-type. Non-observation of the aggregation in DMSO is in line with
DMSO participating in H-bonding with the urea and preventing the
aggregation.

Contrary to 1-naphthalenes, 2-naphthyl derivatives 3-5 do not
aggregate, at least not in the concentration range for the UV-vis and
fluorescence measurements (c=10"% to 104 moldm~3). That is
demonstrated by perfect spectral overlap of their absorption spec-
tra, as well as their fluorescence spectra in both solvents (see the
Supporting Information). In addition, fluorescence decays are char-
acterized by single-exponential functions revealing lifetimes of the
corresponding S; states. However, in higher concentrations typical
for the NMR experiments (c=10-3 to 10-2 mol dm3), aggregation
of 3-5 was observed [16]. It is also interesting to note that lifetimes
in DMSO are somewhat shorter than in CH3CN. The finding is logical
since DMSO forms complexes with the urea moiety. Probably, due
to the H-bonding between DMSO and the urea NH, delocalization
of the lone pair of the NH increases over the naphthalene moiety in
the excited state, and this enhances intersystem crossing, as well
as internal conversion.

Since we observed different photophysical behavior of 1- and 2-
naphthyl derivatives, which we associated with the aggregation of
2, we attempted to measure time-resolved fluorescence anisotropy
where increase in diffusion correlation time would clearly point to
the presence of larger molecular aggregates. Compounds 1-4 were
not soluble in glycerol, so we tried to measure the anisotropy decay
inDMSO at 15 °Cnear the freezing of DMSO. However, the measure-
ments by use of parallely or perpendicularly oriented polarizers
showed no difference, so the anisotropy decay could not be mea-
sured. Although the molecules near the freezing point are probably
not very mobile and show slow rotational diffusion, segmental
rotations around single bonds in the molecule are still probably
possible, resulting in a fast decay of the anisotropy, faster than the
time resolution of the nanosecond set-up.

(2)
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Table 1
Maxima in the absorption and emission spectra for 1-13 in CH3CN and DMSO.
Compound CH3CN DMSO
Aabs/NM g/dm3 mol~' cm~! Aem/nM Aabs/NM g/dm3 mol-! cm™! Aem/nm
1 219, 299, 326 15,600+ 500 (301 nm) 377 312,327 15,700+ 500 (315 nm) 380
2 219, 304, 326 15,000 +300 (301 nm) 398 310, 327 30,300+400 (310 nm) 380
3 213,247,271, 281, 292, 19,000 + 1000 (281 nm) 365 258, 273,284, 295, 327, 22,000+ 2000 (284 nm) 370
324,336 340
4 213,247,271, 281, 292, 18,000 + 5000 (281 nm) 365 259, 273, 284, 294, 328, 2200042000 (284 nm) 370
324,336 340
5 213,247,271, 281, 292, 10,000 + 1000 (280 nm) 365 257,273,284, 294, 328, 9900 + 600 (284 nm) -
324,336 339
6 263, 272,321, 336, 355, - 442 274,322,339, 357, 387, 7200100 (357 nm) 453
380, 398 407
7 262, 320, 336, 354, 379, - 441,478 271,322,338, 357,387, 7200 +300 (357 nm) 453
396 407
8 254,276, 325, 339, 356, - 384, 408, 430 257,282 328, 342, 360, - 390, 413, 435
376 380, 407
9 254,269, 277, 324, 340, - 407, 426 258, 282 328, 344, 361, 10,400 + 600 (361 nm) 390, 413,433
357,376 380
10 252, 368, 386, 412 - 474 260, 352, 369, 388 14,400 +300 (372 nm) 450
11 - - - 260, 334, 350, 368, 390 17,000 + 1000 (368 nm) 393,417,
442,470
12 - - - 260, 335, 350, 369, 390 14,600 + 500 (368 nm) 393, 417,
442,470
13 243, 282, 346, 389 395, 416, 506 286, 356, 371, 391 37,000+ 1000 (356 nm) 403,418

Anthracene derivatives can be classified in four groups, having
2-amino, 2-methyl, 9-amino or 9-methyl substitution. Similarly
to 1-naphthyl derivatives 1 and 2, 2-anthryl derivatives 6 and 7
exhibit spectral differences in CH3CN, but not in DMSO (Fig. 2
and Supporting Information). Namely, for these two compounds,
normalized absorption and fluorescence spectra in DMSO exhibit
almost perfect overlap, which is in accordance with the existence

of the same chromophore in these molecules. However, in CH3CN,
the absorption spectrum of 7, compared to 6, shows a shoulder
at longer wavelengths (420-500nm) and an increased absorp-
tion band at 320nm. The observed low-energy shoulder in the
absorption spectrum of 7 could in principle correspond to light
scattering, due to formation of nano- or microcrystals. However,
excitation spectra of 7 recorded at different emission wavelengths

Table 2
Photophysical properties of 1-13 in CH3CN and DMSO.
Compound DMSO CH3CN
] T/ns (%) ] T/ns (%)
1 - 6.57 £ 0.03(91) 0.394 + 0.004? 7.2 £0.1(96)
3.20 £ 0.02(9) 14+0.1(4)
2 - 4.9 + 0.1 (40) 0.32 + 0.0424 6 £ 1(40)°
8.2 + 0.1 (60) 20 + 5(60)°
6.4 + 0.1(74)¢
2.3 +£0.1(26)¢
3 - 6.30 + 0.02 0.192 + 0.006° 73 +0.1
4 - 6.65 £ 0.05 0.198 + 0.005" 79+ 0.1
5 - 6.56 + 0.01 0.12 + 0.02° 7.5+ 0.1
6 0.68 + 0.082 19.5 £ 0.2 0.52 + 0.03? 225+ 0.1
7 0.68 + 0.082 17.5 £ 0.2 0.15 + 0.022 0.2 £ 0.1 (20%)
6+ 1(25%)
18 + 2(55%)
8 0.112 + 0.0032 1.7 £ 0.2 (15%) 0.073 + 0.006* 0.4 + 0.1 (10%)
3.7 £0.1(85%) 3.0 £ 0.1(25%)
18 + 1(65%)
9 0.083 + 0.0042 1.1 + 0.1 (20%) 0.076 + 0.0032 1.1 £ 0.1 (10%)
3.3 +£0.1(70%) 34+ 1(35%)
11 + 1(10%) 18 + 1(55%)
10 0.102 + 0.009% 1.4 + 0.1 (65%) 0.0132 + 0.0002° 0.60 + 0.01 (85%)
2.3 £0.1(35%) 2.6 £ 0.1(15%)
11 04 +0.1° 1.0 +£ 04 (2%) -¢ -
7.6 £ 0.1 (98%)
12 0.4 +0.12 1.5 + 0.1 (2%) - -
7.4 + 0.1 (98%)
13 0.50 + 0.032 0.9 £+ 0.1 (2%) 0.18 &+ 0.03? 0.8 & 0.2 (20%)

4.1 £ 0.2 (95%)
40 + 5 (3%)

4.0 + 0.2 (50%)
25 + 5 (30%)

Determined by using quinine sulfate as a reference compound (@ =0.54) [20].

a

b Determined by use of NATA as a reference compound (& =0.14) [20].
¢ Sample not heated.

4 Sample heated and cooled to room temperature.

¢ Sample not soluble in CH3CN.
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Fig. 1. Absorption spectra (left) and fluorescence spectra (right, Aex =310 nm) of 1 and 2 in CH3CN.
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Fig. 2. Absorption spectra (left) and fluorescence spectra (right, Aex =310 nm) of 6 and 7 in CH3CN.

clearly indicate a presence of different emitting species depending
on the observation emission wavelengths (see the Supporting
Information). Moreover, in the fluorescence spectrum of 7 in
CH3CN, besides an emission band at 440 nm, one additional band
appears at 480 nm. In addition to the changes in the emission spec-
trum, fluorescence quantum yield of 7 in CH3CN is four times lower
than for 6, whereas they are the same in DMSO solutions (® =0.68,
the reported values of fluorescence quantum yield and lifetime
for 2-aminoanthracene in polar solvent is ®=0.57 and 7=30.8 ns)
[20]. Decay of the fluorescence is single-exponential for 6 in both
solvents, as well as for 7 in DMSO. However, for 7 in CH3CN the
decay becomes three-exponential (Fig. 3). All these findings are
consistent with formation of aggregates of 7 in CH3CN solution,
whereas in DMSO aggregation probably does not take place. Most
probably, DMSO engages in hydrogen bonding with the urea
moieties and thus breaks the intermolecular H-bonds between the
ureas which cause the aggregation. Furthermore, the observation
that 7 aggregates (and 6 probably does not) only in CH3CN, in
addition to the observed spectral changes, suggest that aggregates
are probably formed due to both intermolecular H-bonds between
the urea moieties and the r,mw-stacking. Although the absorption
spectral changes are not indicative neither for J- nor H-aggregates,
quenched fluorescence of 7 in CH3CN (compared to DMSO solution
or fluorescence of 6 in CH3CN) suggests formation of H-aggregates.
However, with the present data no unambiguous conclusion
regarding the type of the aggregates can be made. In addition,
although we have not observed spectral changes that would
suggest aggregation of 6, it may be possible, but molecules do not
approach one another sufficiently to get the spectral changes.

2-Methylanthracene derivatives 8 and 9 are characterized by
absorption spectra that in CH3CN exhibit additional hypsochromic
bands (Fig. 4 and the Supporting Information) compared to DMSO
solution, suggesting formation of H-aggregates. In addition, in the
absorption spectrum of 8 in CH3CN, a shoulder appears at longer
wavelengths (400-420 nm) suggesting that several types of aggre-
gates may be formed, those with the parallel and antiparallel

T T
50 75 100 125 150
Time / ns

Fig. 3. Fluorescence decay of 6 and 7 in CH3CN and DMSO measured by single-
photon timing (Aex =365 nm, Aem =450 nm).
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Fig. 4. Absorption spectra (left) and fluorescence spectra (right, Aex =365 nm) of 8 in CH3CN and DMSO.
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Fig. 5. Absorption spectra (left) and fluorescence spectra (right, Aex =365 nm) of 10 in CH;CN and DMSO.

orientation of the transition moments. Fluorescence spectra of 8
and 9 in DMSO are characterized by a typical structured anthracene
emission band at 375-500 nm with the characteristic vibronic pro-
gression, whereas fluorescence spectra in CH3CN have no vibronic
structure and are significantly bathochromically shifted compared
to those in DMSO (100 nm) (Fig. 4). Fluorescence quantum yields for
8 and 9 in both solvents are six to seven times lower compared to
the quantum yields of 2-aminoanthracenes 6 and 7, and the decay
of the fluorescence cannot be described by single exponential func-
tions. Fluorescence decays for 8 and 9 in DMSO are characterized
by the presence of a major decay component with 3-4ns, typical
for 2-methylanthracenes [25]. The shorter decay times observed
in DMSO may be associated to the presence of rotamers with dif-
ferent S; lifetimes. However, long decay times (18 ns) observed
in CH3CN, together with the fluorescence spectral characteristics
strongly indicate formation of aggregates in that solvent.
9-Anthryl derivative 10 is very weakly soluble in CH3CN,
whereas 11 and 12 are completely insoluble. Therefore, 9-
anthrylmethyl derivatives were measured only in DMSO. The
photophysical properties of 11 and 12 in DMSO do not deviate
from the expected behavior of the methylanthracene chromophore.
Their absorption spectra have a band in 350-400 nm region with
the characteristic structured pattern. The emission spectra have
maxima in 375-450 nm and the spectra forming the perfect mir-
ror image to the absorption. Fluorescence quantum yields and
singlet excited state lifetimes are comparable to the reported for
9-methylanthracenes in polar solvent (®=0.33, t=5.8ns) [20].
Consequently, these derivatives probably do not form aggregates in
DMSO, or if they do, molecules pack in a way not to induce spectral
changes. On the contrary, aminoanthracene derivative 10 exhibited
quite different photophysical properties (Fig. 5). The absorption

spectrum in CH3CN clearly indicates additional bands at shorter
and longer wavelengths than observed in DMSO. The finding may
be explained by formation of aggregates, and formation of micro-
crystals which cause light scattering. The excitation spectra in
both solvents show perfect overlap, regardless of the observation
emission wavelength, indicating that only one type of the species
contribute to the observed emission. The emission in CH3CN is ten
times lower than in DMSO. However, measured lifetimes in both
solvents are similar. These findings indicate that in CH3CN solution
only non-aggregated molecules fluoresce, whereas aggregates are
not emissive.

Pyrene derivatives are generally known for their tendency to
form aggregates characterized by characteristic long-wavelength
fluorescence [26] and multi-exponential decays [27]. Similarly to

Relative Fluorescence Intensity

460 450 5(I)0 55;0 G(I)O 650
Wavelength / nm

Fig. 6. Fluorescence spectra of 13 in CH3CN and DMSO (Xex =365 nm).
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Fig. 7. Fluorescence decay of 13 in CH3CN and DMSO (left) and in DMSO at different temperatures (right) (Aex =365 nm, Aem =440 nm).

above findings, derivative 13 exhibited different photophysical
behavior in CH3CN and DMSO. In the absorption spectrum of 13 in
CH3CN, compared to DMSO, additional broad bands at longer and
shorter wavelength can be seen (see the Supporting Information).
Similarly to the spectra of 10, the finding suggests formation of
aggregates, or microcrystals which cause light scattering. However,
the excitation spectra measured in CH3CN at different emission
wavelength (390-520 nm, see the Supporting Information) do not
overlap, indicating that different species contribute to the emission.
Almost perfect overlap is observed for the excitation spectra taken
in DMSO. In the emission spectrain DMSO the maxima are observed
at 400 and 420 nm, with only a weak shoulder at ~475nm. On
the contrary, in CH3CN, besides bands at 400 and 420 nm, a strong
structureless band at 475 nm dominates the spectrum (Fig. 6) cor-
responding to the emission from the aggregated pyrene moieties.
All the above findings are in agreement with the aggregation of
pyrene moieties in CH3CN.

Does 13 form intramolecular or intermolecular aggregates?
Steady-state fluorescence spectra of 13 in CH3CN were recorded
at different concentrations (corresponding to Asgs=0.01-0.1,
c~3x 1077 to 3 x 10-% mol dm~3; solubility limit for 13 in CH3CN
is ~3 x 10~ mol dm~3). However, neither spectral shape nor the
quantum yield of the fluorescence changed on dilution of the
solution. The finding suggests that aggregation is not due to the
intermolecular, but rather intramolecular interaction of the two
arms bearing urea and pyrene. Furthermore, the intramolecular
interaction of the pyrenes may be formed in the ground state, or
in the excited state (that is, molecule may form intramolecular
excimers). It should be mentioned that the intramolecular aggre-
gation of the chromophores should be principally possible in all
derivatives bearing methylene spacers between the ureas and the
adamantane. However, except for 13 wherein there is the biggest
m-surface for the m,m-stacking, it is unlikely that the molecules
adopt conformation wherein the intramolecular aggregation would
occur. The dilution experiment for 13 suggests that the observed
phenomena in the spectra are due to an intramolecular process, or
thatintermolecular aggregates are formed in CH;CN already at very
low concentrations (c=3 x 107 moldm~3), so that change of the
concentration in the investigated range did not influence relative
ratio of the aggregated and non-aggregated molecules.

SPT measurements for 13 in both solvents gave rise to decays
that could be best fitted with three-exponential functions. The
multi-exponential decay of fluorescence suggests that aggregates
(or excimers) are formed in both solvents (Fig. 7 and Table 3).
However, in DMSO, the multiexponential decay may be due to a
presence different rotamers. To probe for the aggregation in DMSO
fluorescence decays were measured at different temperatures
(Fig. 7). Increase of the temperature resulted in an increase of the

Table 3
Decay times and the corresponding relative contributions obtained by SPT of 13 in
CH3CN and in DMSO at different temperatures.

Temperature/°C T1/ns (%) T2/ns (%) T3/ns (%)
202 4(22) 6.4 (41) 33(36)
20 (2) 4.1 (93) 60 (5)
40 1.4(7) 4.0(83) 53(9)
80 (3) 3.3(72) 36 (24)

3 Measured in CH3CN.

longest decay-component contribution. Such a finding is consistent
with the multi-exponential decay being due to an intramolecular
excimer. Increase of the temperature enabled molecular rotation
(and thus, formation of the excimer) which competed with the
deactivation from the S; resulting in higher percentage of the
excimers.

To assign the decay components of 13 in CH3CN and DMSO,
the SPT measurements were performed at wavelength region
390-520nm, and time-resolved fluorescence spectra were con-
structed (see the Supporting Information). Long decay component
in both solvents is clearly seen only at longer times after the laser
pulse, indicating that it corresponds to aggregates (or excimers).
Furthermore, the highest contribution of the decay component
with 4.1 ns in DMSO, wherein fluorescence spectra do not indi-
cate significant formation of aggregates, suggest that this decay
component corresponds to the non-aggregated species. Conse-
quently, decay component with ~4 ns seen in CH3CN and DMSO
we tentatively assign to the non-aggregated molecules, whereas
short (~1 ns) and long decay component we assign to aggregate or
excimer.

All the above data indicate that 13 probably forms aggregates
in both solvents. Most probably, in DMSO intramolecular excimers
are formed by r,m-stacking of the pyrene chromophore in the S;.
On the other hand, in CH3CN, molecules probably form both types
of aggregates, intramolecular excimers due to the 1r,m-stacking in
S1,as well as intermolecular due to the H-bonds between the ureas
and the r,m-stacking.

4. Conclusion

Adamantaneurea derivatives 1-13 were synthesized and their
photophysical behavior investigated in two solvents with differ-
ent H-bonding ability, CH3CN and DMSO. It was found that slight
change in the structure of the molecule, e.g. introduction of the
methylene spacer between the rigid adamantane part and the urea
moiety, significantly changes photophysical properties. Molecules
with the increased molecular flexibility such as 2 and 7 (com-
pared to 1 and 6, respectively) showed tendency to aggregate in
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CH3CN solution resulting in fluorescence quenching. The aggrega-
tion is probably caused by intermolecular H-bonds between the
urea moieties as well as due to the ,7-stacking. Contrary to naph-
thyl and 2-aminoanthryl derivative, pyrene 13 forms aggregates in
both solvents which is in accordance with the increased possibil-
ity of m,m-stacking. From the anthracene derivatives, the highest
tendency to aggregation was observed for 9-amino derivative 10
and 2-methyl derivatives 8 and 9, whereas 9-methyl derivatives 11
and 12 probably do not form aggregates in DMSO solution in the
investigated concentration range. Investigation of the photophysi-
cal behavior of 1-13 in these two solvent systems indicate that the
best candidates for the development of anion sensor molecules are
2-naphthyl and 9-methylanthracene derivatives where formation
of aggregates is minimal.
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