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1. Introduction

The past decade has witnessed an explosive growth in research
involving various aspects of molecular recognition. Systems capable
of sensing guest molecules or ions are considered to be quite use-
ful in a variety of applications and there is a great deal of current
interest in the development of fluorosensors for species ranging
from charged to neutral in nature [1-9]. In this regard, photoin-
duced electron transfer (PET) is the most exploited mechanism for
the design of the fluorosensors [10-12], which are essentially mul-
ticomponent systems comprising a signaling moiety (fluorophore)
and a guest binding site (commonly called as receptor) [13]. These
two units are usually separated by a o-bonded spacer and the only
communication between the signaling moiety and receptor module
is via relatively long-range forces, the species being in their elec-
tronic ground states. In the photoexcited state, a strong long-range
interaction develops in the form of an electron transfer from the
guest-free receptor to the fluorophore. The guest, on binding to the
receptor site modulates this thermodynamically favorable photoin-
duced electron transfer process and provides on-line and real-time
analysis that may have a large impact in the field of chemical anal-
ysis.

Of the many guests (charged to neutral), monocarboxylic acids
are of considerable interest due to their involvement in biological
recognition processes [13]. A large number of drugs like antibiotics,
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analgesics and anti-inflammatory agents have carboxylic moiety.
It is also noteworthy that in peptide recognition by vancomycin,
amide-carboxylate binding is crucial [14,15]. To date, several sen-
sors have been reported using hydrogen bonding functional groups,
such as amides [16-19], ureas [7,20] and guanidiniums [21,22] to
bind carboxylic acids and carboxylates. However, PET sensors for
monocarboxylic acids are still rare. In the context of carboxylic
acid binding, the use of pyridine amide motif is well known
and has been exploited in the design of receptors for mono-
carboxylic acids [23,16], dicarboxylic acids [24-29], amino acids
[30], etc. The attachment of such pyridine amide motif in a PET
device and its hydrogen bonding-induced photophysical behavior
of the PET device is unknown. We, for the first time, assem-
bled the pyridine amide motifs with anthracene for mono [31]
as well as dicarboxylic acid [32] recognition processes, respec-
tively. In continuation of this, we report in this full account, the
design, synthesis and photophysical behavior of PET-based anthryl
fluorescent sensors 1-3 both in the presence and absence of
monocarboxylic acids ranging from stronger to moderate in acid
strength.
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2. Materials and methods
2.1. Materials

All the solvents were dried by usual procedures prior to use. All
the reactions were carried out under nitrogen. IR and UV spectra
were recorded on PerkinElmer model L120-00A and Lambda-
25, respectively. Fluorescence was recorded by Spex. Fluorolog-3
(Model No. FL3-11) instrument. For 'H and >C NMR spectra Bruker
200, 300, 400 and 500 MHz were used. Elemental analyses were
performed on PerkinElmer 2400CHN Elemental analyzer. Melting
points were recorded in open capillaries and are uncorrected.

2.2. Synthesis of 1-4

2.2.1. Preparation of Schiff base (5a, 5b)

To a dry MeOH solution of 9-anthraldehyde (1 mmol) at room
temperature was slowly added to alkyl amine (1 mmol). After stir-
ring at room temperature for 30 min the resulting solution was
refluxed for 9 h. After cooling, the precipitated yellow solids were
filtered, washed with ether. The crude yellow products were recrys-
tallised from ethanol to yield almost pure Schiff bases (5a, yield 84%,
m.p. 62°C) and (5b, yield 77%, m.p. 56°C). The respective Schiff
bases were used for the next steps.

5a: "HNMR (400 MHz, CDCl3)8: 9.43 (s, 1H), 8.46 (d,J = 8 Hz, 3H),
8.01(d,J=8Hz, 2H), 7.57-7.44 (m, 4H), 3.98 (q, /=8 Hz, 2H), 1.52 (t,
J=4Hz, 3H). FT-IR (KBr): 3040, 2967, 2842, 1636, and 1515cm™".

5b: TH NMR (500 MHz, CDCl3) §: 9.41 (s, 1H), 8.47 (d, J=10Hz,
3H), 8.04 (d, J=10Hz, 2H), 7.52 (m, 4H), 3.99 (t, J=8Hz, 2H), 1.93
(m, 2H), 1.66-1.16 (m, 18H), 0.88 (t, /=4 Hz 3H). 3C NMR (125 MHz,
CDCl3): 160.0, 131.5, 130.1, 129.3, 129.1, 129.0, 126.8, 125.4, 125.1,
63.5,32.1,31.3,29.9, 29.8, 29.7-29.6 (unresolved, 4 CH;), 27.7, 22.9,
and 14.4. FT-IR (KBr): 3049, 2951, 2916, 2850, 1637, and 1470 cm1.

2.2.2. N1-(6-{[(9-anthrylmethyl)(ethyl)amino]methyl}-2-
pyridyl)-2,2-dimethylpropanamide (1)

Schiff base 5a (0.5g, 2.1 mmol) was dissolved in methanol
(10 ml), to which a slight excess of sodium borohydride (0.12 g,
3.1 mmol) was added slowly as a solid to the methanolic solu-
tion, and the resulting solution was refluxed with stirring for
4h. 2M hydrochloric acid was then added to destroy the excess
sodium borohydride. Once the effervescence had stopped, 2M
sodium hydroxide was added until pH 9 was obtained. The
yellow solution was then extracted into chloroform, washed
three times with water, separated, dried over sodium sulfate.
Removal of solvent under reduced pressure afforded a crude
amine 6a (0.45g, 89%). The crude amine 6a (0.2 g, 0.85mmol)
without further purification and N1-[6-(bromomethyl)-2-pyridyl]-
2,2-dimethylpropanamide (0.25g, 0.92 mmol) were dissolved in
dry acetone containing K, CO3 (0.5 g) and the mixture was refluxed
for 5 h. The solvent was removed under reduced pressure, and the
resulting mass was extracted into chloroform. After removal of the
solvent the crude product was purified by column chromatogra-
phy (EtOAc:Pet ether=1:9) providing 1 (0.27 g, 75%) as a gummy
product.

TH NMR (200 MHz, CDCl3) §: 8.53 (d, J=8Hz, 2H), 8.37 (s, 1H),
7.99-7.92 (m, 4H including NH), 7.55-7.40 (m, 5H), 6.87 (d, J=8 Hz,
1H), 4.67 (s, 2H), 3.66 (s, 2H), 2.76 (q, J=6Hz, 2H), 1.35-1.20 (m,
12H). 13C NMR (75 MHz, CDCl3): 176.9, 158.8, 150.3, 138.3, 134.0,
131.3,130.0, 129.0, 127.5, 127.1, 125.5, 125.0, 124.7, 118.7, 111.5, 59.1,
50.4,48.9, 27.4, and 12.0. FT-IR (KBr): 3433, 3054, 2967, 3932, 2871,
1682, and 1578 cm~1. UV (CHCl3): (c=5.05 x 107> M) Amax (nm)
258, 283, 350, 368, 388. MS (FAB): m/z 426 (M+1)*, 396, 248, 191.
Anal. Calcd. for CogH31N3O: C, 79.02; H, 7.34; N, 9.87. Found: C,
79.08; H, 7.39; N, 9.85.

2.2.3. N1-(6-{[(9-anthrylmethyl)(dodecyl)amino]methyl}-2-
pyridyl)-2,2-dimethylpropanamide (2)

The receptor 2 was prepared from 5b following the same proce-
dure as mentioned forreceptor 1. A total of 200 mg amine 6b yielded
0.24 g of 2 (80%, gummy product) after chromatography (EtOAc:Pet
ether=1:19).

TH NMR (500 MHz, CDCl3) §: 8.53 (d, J=10Hz, 1H), 8.37 (s, 1H),
8.01 (m, 3H), 7.88 (s, 1H), 7.59-7.39 (m, 6H), 6.99 (d, J= 10 Hz, 1H),
4.63 (s, 2H),3.63 (s, 2H), 2.63 (t,J=5Hz, 2H), 1.61 (m, 2H), 1.46-1.08
(m, 27H), 0.87 (t, J=5Hz, 3H). 13C NMR (125 MHz, CDCl3): 178.0,
159.0, 150.4, 138.5, 134.8, 131.6, 129.1, 127.3 127.1, 125.6, 125.4,
124.9, 119.0, 112.0, 59.9, 55.5, 51.3, 40.9, 32.1, 29.88, 29.86, 29.82
and 29.7 (unresolved), 29.6, 27.7, 27.2, 22.9, 14.4. FT-IR (KBr): 3438,
3053, 2925, 2853, 1691, 1598, 1578, 1516, 1453 cm~!. UV (CH3CN):
(c=5.05 x 10> M) Amax (nm) 286, 333, 351, 368, 388. MS (EI): m/z
565 (M*), 507, 375, 208, 192, 152. Anal. Calcd. for C3gH51N30: C,
80.66; H, 9.08; N, 7.43. Found: C, 80.63; H, 9.06; N, 7.41.

2.2.4. N1-(6-{[(9-anthrylmethyl)(dodecyl)amino]methyl}-2
-pyridyl) acetamide (3)

The compound 2 (0.2 g, 0.35 mmol) was dissolved in 40% KOH
in aqueous ethanol (15ml) and refluxed for 15h. The volume
was reduced by evaporation of solvent and finally extracted with
chloroform (20 ml x 3). The extracts were dried (Na;SO4) and con-
centrated in vacuo. The crude amine 7 was almost pure to use
for the next step. The amine 7 (0.1g, 0.21 mmol) was acetylated
using acetyl chloride (0.04ml) in the presence of triethylamine
(0.04ml) in dry CH,Cl, (15 ml). After overnight stirring the solu-
tion was to afford the compound 3 (0.07 g, 66%, m.p. 74°C). 'H
NMR (300 MHz, CDCl3) 4: 8.50 (d, J=9Hz, 2H), 8.36 (s, 1H), 7.97
(d, J=9Hz, 2H), 7.88 (d, J=9Hz, 1H), 7.74 (s, 1H, -NH-), 7.52-7.42
(m,5H),6.93(d,J=9Hz, 1H),4.60(s,2H), 3.61 (s,2H), 2.61 (t,]=6Hz,
2H), 2.14 (s, 3H), 1.61 (m, 4H), 1.25-1.16 (m, 16H), 0.88 (t, J=6Hz,
3H). FT-IR (KBr): 3267, 3053, 2924, 2853, 1696, 1599, 1578, 1538,
and 1454 cm~1. UV (CHCI3): (c=5.05 x 107> M) Amax (nm) 283, 333,
350, 368, 388. MS (ESI): m/z 561.6 (M+K-1)*, 396, 248, 191. Anal.
Calcd. for C35Hy45N50: C, 80.26; H, 8.66; N, 8.02. Found: C, 80.24; H,
8.65; N, 7.99.

2.2.5. N-(9-Anthrylmethyl)-N-benzyl-N-dodecylamine (4)

To acetone solution (15 ml) of amine 6b (0.2 g, 0.53 mmol) was
added benzyl chloride (0.09 ml, 0.78 mmol), KI (0.13 g, 0.78 mmol)
and K;CO3 (0.3 g) and the mixture was refluxed for 6 h under nitro-
gen gas. The mixture was next filtered and the solvent was removed
by evaporation. The crude product was purified by chromatography
(2% EtOAc in Pet ether). The compound 4 was gummy in nature and
was obtained in 85% yield (0.21g). 'H NMR (200 MHz, CDCl3) §:
8.48 (d, J=8Hz, 2H), 8.38 (s, 1H), 8.00-7.97 (m, 2H), 7.52-7.40 (m,
4H), 7.24 (m, 5H), 4.52 (s, 2H), 3.60 (s, 2H), 2.51 (t, J=6Hz, 2H),
1.59 (m, 4H), 1.26 (m, 8H), 1.09 (m, 8H), 0.89 (t, J= 6 Hz, 3H). FT-IR
(KBr): 3053, 3027, 2924, 2852, 1523, 1494, 1456, and 1453 cm!.
UV (CHCl3): (c=5.05 x 107> M) Amax (nm) 333, 350, 368, 388. Anal.
Calcd. for C34Hy3N: C, 87.69; H, 9.31; N, 3.01. Found: C, 87.66; H,
9.28; N, 2.99.

2.2.6. General procedure of fluorescence titration

Stock solutions of the hosts were prepared in CHCl3 and 1 ml of
the individual host solution was taken in the cuvette. The solution
was irradiated at the excitation wavelength 365 nm maintaining the
excitation and emission slits 10 and 1, respectively. Upon addition
of guest acids, the change in fluorescence emission of the host was
noticed. The corresponding emission values during titration were
noted and used for the determination of binding constant values.
The change of fluorescence emission in the presence of different
amounts of guest acid was used to have the Stern-Volmer plot.
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Scheme 1. Syntheses of receptors 1, 2, 3 and 4.

2.2.7. General procedure of UV-vis titration

Binding constants were determined by UV-vis titration meth-
ods. Initially the receptors were dissolved in dry UV grade
chloroform and taken in the cuvette. Then carboxylic acid guests,
dissolved in dry CHCl3, were individually added in different
amounts to the receptor solution. The corresponding absorbance
values during titration were noted and used for the determina-
tion of binding constant values. Binding constants were determined
by using the expression Ag/A—Ao=[em/(em—&ec)l(Ka~1Cg71+1),
where ¢y and ec are molar extinction coefficient for receptor
and the hydrogen-bonding complex, respectively at selected wave-
length, Ag denotes the absorbance of the free receptor at the specific
wavelength and Cg is the concentration of the carboxylic acid guest.
The measured absorbance Ag/A — A as a function of the inverse of
the carboxylic acid guest concentration fits a linear relationship,
indicating 1:1 stoichiometry of the receptor-carboxylic acid com-
plex. The ratio of the intercept to the slope was used to determine
the binding constant K.

3. Results and discussion

The compounds 1-4 were synthesized according to the
Scheme 1. Their syntheses were considered via the synthe-
sis of functionalized anthracene derivatives in introducing the
pyridine amide substituent at 9-anthrylic position in order to
generate the photoinduced electron transfer signal via the methy-
lene (-CH,-) bridge from the electron donor to the electron
acceptor. In order to do so, anthracene labeled aliphatic amines
(6a and 6b) were synthesized from 9-anthraldehyde via Schiff
base formation followed by reduction using sodium borohy-
dride in dry methanol. The subsequent coupling of the amines
with 2-(N-pivaloylamino)-6-bromomethylpyridine (obtained from
bromination of 2-(N-pivaloylamino)-6-methyl pyridine using NBS
and AIBN in dry CHCIl3) produced the receptors 1 and 2 in good
yields. The model compound 4 was obtained in 85% yield under
similar condition using benzyl chloride.

Compounds were characterized by 'H NMR, 13C NMR, FT-IR,
mass and elemental analyses.

In all the systems 1, 2, 3 and 4, anthracene, a signaling unit,
has been taken into account not only due to its strong and well-
characterized emission and chemical stability but also for its use
by several researchers to demonstrate PET sensing. The disposition
of pyridine amide (binding site) and anthracene (fluorophore) in all
the sensors 1-3 is based on the following design principle (Fig. 1). In
all designs 1-3 aliphatic nitrogen and pyridine amide act as receptor
1 and receptor 2, respectively.

lFluorophore H Spacer H Receptor 1 I Spacer Receptor 2

Fig. 1. Design principle of a PET sensor for carboxylic acid.

On moving from 1 to 2, the alkyl chain around the aliphatic
nitrogen center has been changed keeping the other components
unchanged, to establish the role of substituent effect in sensing
the carboxylic acids by anthracene labeled pyridine amide recep-
tors. In this context, we have considered here a limited number
of carboxylic acids of different acid strengths to study the pho-
tophysical behavior of 1, 2, 3 and 4 both in the presence and
absence of acids. The receptor 3 is principally the same as 2. Only
the steric pivalamide has been replaced by acetamide for better
accessibility of the amide proton in hydrogen bond formation. It
is known that pyridine amide, a simple hydrogen bonding unit,
forms weak two point hydrogen bond with monocarboxylic acids
which are known to be present in dimeric or highly associated forms
(Fig. 2).

Previously it was shown that the two-point fixation of mono-
carboxylic acids with 2-acetylamino-6-methylpyridine shows a
binding constant of the order of 102 M~ [33-35]. The weak bind-
ing is ascribed to the self-association of monocarboxylic acids and
also the destructive hydrogen bond interactions in the hydrogen
bonded complex (Fig. 2b). The dimeric state of carboxylic acid
(self-association constant is of the order of 0.01-5M~1), which is
resonance stabilized, is slightly converted to the monomer only
at high dilution. Therefore, successful 1:1 hetero-association of
carboxylic acids with receptors is only possible at the dilution of
titration experiment. To investigate these weak interactions, we
studied the photophysical behaviors of the systems 1, 2, 3 and 4
both in the presence and absence of monocarboxylic acids.

(a) &= 0 (b) &= O

Fig. 2. (a) Two-point hydrogen bonded complex and (b) secondary hydrogen bond-
ing interactions in the complex.
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3.1. Spectroscopic studies of anthracene-based sensors 1-4

3.1.1. 'H NMR study

The 'H NMR spectra of 1 and 2 in CDCl; were recorded in the
presence of monocarboxylic acids and revealed the formation of
hydrogen bonded complexes by showing downfield shift of amide
protons (A§=0.10-0.50 ppm). The amide proton underwent much
less downfield shift due to the steric nature of the pivaloyl group.
During complexation, the more basic aliphatic nitrogen (receptor
1) participates in the formation of 1:1 hydrogen bonded complex
as evidenced from the downfield chemical shift of all the adja-
cent methylene protons (A§=0.09-0.80 ppm) along with pyridine
amide (receptor 2) proton (A8 =0.10-0.50 ppm) in 'H NMR. Accord-
ingly we suggest that different possible forms of hydrogen bonded
complex, of which the form B with benzoic and myristic acids is
the more likely than the other forms C and A, may exist in solution
due to greater number of hydrogen bonds (Fig. 3). The existence of
form D where the carboxylic acid proton is simultaneously hydro-
gen bonded between two nitrogen atoms (from aliphatic amine and
pyridine ring nitrogen), cannot be ruled out. Fig. 4, for example,
demonstrates the change in chemical shift of the protons in the
binding site of 1 in the presence of benzoic, myristic and trifluo-
roacetic acids in CDCl3. During complexation the amide protons
underwent weak downfield shift along with the —CH,- protons
adjacent to aliphatic nitrogen. In the presence of stronger acid
trifluoroacetic acid (TFA), facile protonation of both aliphatic and
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Fig. 5. UV-vis spectra of 1-4 (c¢=1.05 x 10~ M) in CHCls.

pyridine ring nitrogens occurs and is proved by the appearance of
new peaks at 7.06 and 10.36 ppm in 'H NMR in CDCl; for protonated
ammonium and pyridinium groups, respectively [31,36]. Therefore,
in case of TFA, the possible ion pairs E and F instead of pure hydro-
genbonded structure B exist in solution. The protonated form E may
remain in equilibrium with the form G where the six membered
hydrogen bonding is possible. The other carboxylic acids (benzoic

A8, = 0.81, A8, = 0.45 and
Ad, = 0.75 ppm.

A8, = 0.001, A8, =0.01 and N
A8, =0.01 ppm. b
- N
4 W H
= N

A8, = 0.01, A8, = 0.02 and
A3.=0.01 ppm.

Fig. 4. Partial "H NMR of 1 (c=5.04 x 103 M) in the absence of guest (A), in the presence of 1 equiv. amount of benzoic (B), myristic acids (C) and 2 equiv. amount of TFA (D).
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and myristic) studied did not exhibit such new findings under the
same condition. The same was true for the receptor 2 also.

Thus these results allow us to conclude that receptors 1-3
form hydrogen-bonding structures with benzoic and myristic acids
instead of protonation. With the ability of the pyridine amide along
with the aliphatic nitrogen to form weak complexes with carboxylic
acids established in 'H NMR, the photophysical behavior of the
receptors were examined in the presence and absence of acids.

1 @

2.0+

3.1.2. UV-vis and fluorescence studies on 1-4

The ground and the excited state properties of 1-4 were inves-
tigated both in the presence and absence of hydrogen bond donor
and acceptor solvents. The absorption spectra for all the receptors
in CHCl3, shown in Fig. 5, exhibit the same fine structures as is
commonly observed for anthracene with red shift. For compara-
tive purposes absorption spectra of 1-4 are superimposed on the
absorption spectrum of anthracene in Fig. 5.
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Fig. 7. (a) Fluorescence spectra of 1 (c=7.058 x 10~> M) in CHCl3 upon addition of benzoic acid. Inset: change of UV-vis spectra of 1 upon addition of benzoic acid. (b)
Fluorescence spectra of 1 (c=7.058 x 10-> M) in CHCl; upon addition of myristic acid. Inset: change of UV-vis spectra of 1 upon addition of myristic acid. (c) Fluorescence
spectra of 1 (¢=7.058 x 10~> M) in CHCl; upon addition of TFA. Inset: change of UV-vis spectra of 1 upon addition of TFA.
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Substituent around the aliphatic nitrogen atom in the designs 1,
2 and 3 shows significant change in emissions (Fig. 6). In case of 4,
the quenching of the excited state of anthracene is less compared
to 1, 2 and 3. Quantum yields are determined by the relative com-
parison procedure [37] using anthracene as standard (¢an¢ = 0.27 in
ethanol). The quantum yield values (¢) for 1, 2, 3 and 4 are found to
be 0.012, 0.016, 0.012 and 0.13, respectively. This suggests that the
PET is more active in 1, 2 and 3 compared to 4.

However, the fluorescence behaviors of 1-4 are quite interest-
ing in the presence of carboxylic acids. The receptor 1 in CHCl3
(c=7.058 x 10~ M) was excited at 365 nm and showed strong flu-
orescence intensity which gradually decreased with a little blue
shift (AAmax =5-10nm) on successive addition of benzoic (up to
50.0 x 10-6 M), myristic acid (up to 57.13 x 106 M) and TFA (up
to 80.38 x 10-6M) as evidenced in Fig. 7a-c, respectively, with-
out producing any other spectral change (i.e., either exciplex or
excimer formation) in the emission spectra. Slight blue shift of
emission of 1 followed by quenching upon the addition of both
aliphatic and aromatic monocarboxylic acids are associated with
the formation of receptor-carboxylic acid complex as suggested
in Fig. 2a.

Upon addition of benzoic, myristic acids and TFA the emis-
sions were ca. 60%, 41% and 46% quenched, respectively. The
Stern-Volmer plot (Fig. 8)illustrates the quenching phenomena and
shows greater quenching with benzoic acid compared to myristic
acid. Concurrently, the absorption spectral features of 1 in dry CHCl3
(c=1.568 x 10> M) were noted and exhibited bands centered at
393,373 and 355 nm, attributed to anthryl moiety of 1. The addition
of monocarboxylic acids [both in case of myristic and trifluoroacetic
acids (TFA)] to the solution of 1 caused a marginal decrease in inten-
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sity of the absorption peaks for anthracene (393, 373 and 355 nm)
and also showed a gradual decrease in intensity of the peak cen-
tered at 258 nm shown in inset of Fig. 7b and c respectively, due
to weak hydrogen bonding interactions of the pyridine amide moi-
ety of 1 with carboxylic acid as indicated in Fig. 2a. Similarly, as
shown in Fig. 7a, on gradual increase in concentration of benzoic
acid, the intensity of absorption bands at 393, 373 and 355 nm were
decreased gradually and exhibited a small change in intensity of
the band centered at 258 nm with an isosbestic point at 290 nm
along with an intensified band at 280 nm for 1r-stacking interaction.
This observation clearly indicates the formation of 1:1 hydrogen-
bonded complex. Job plots of 1 with benzoic and myristic acids also
indicated the 1:1 stoichiometry in each case (Fig. 9).

In a similar way, the receptor 2 (c=7.079 x 10-> M) showed the
considerable change in fluorescence when excited at 365 nm upon
addition of the same carboxylic acids. The receptor 2 is almost iden-
tical with 1, only differing in the alkyl chain attached onto the
aliphatic nitrogen. The emissions of the anthryl moiety in 2, appear-
ing at 395, 418 and 441 nm were also similar with the receptor
1 when both were excited at 365 nm. The only interesting fea-
ture to note is that when a long dodecyl chain replaces the short
ethyl chain, the switching behavior becomes reverse to that of 1.
Under similar conditions, the receptor 2 shows gradual increase
in emission upon addition of carboxylic acids (Figs. 10a-c). Concur-
rent measurement of absorbance exhibited very little change of the
absorbance of the anthryl moiety (Fig. 10a—c; insets) and indicated
2 also as an ideal PET system. The modulation of the steric nature
of pivaloyl amide by less steric acetamide in 2, leads to the recep-
tor 3. This also showed similar switching behavior like receptor 2
towards carboxylic acids and shows significant increase in emission
in the presence of stronger acid TFA (Fig. 11). The stoichiometries of
the complexes of 2 with both benzoic and myristic acids are of 1:1
like receptor 1 and were confirmed by Job plot (Fig. 12). To under-
stand the role of pyridine amide in 1-3 in PET process, we took
4 as model receptor where the pyridine amide has been replaced
by benzyl group. The changes in the fluorescence emission spectra
of 4 in the presence of carboxylic acids were similar to that of 2
and 3, suggesting the deactivation of PET process. This suppression
of PET is due to the formation of 1:1 hydrogen-bonded complexes
with benzoic and myristic acids or protonated structure with TFA
(Fig. 3).

For the complexes of receptors 1-3, with guests [Ag/(A—Ap)]
as a function of the inverse of carboxylic acid (guest) concen-
tration fits a linear relationship, indicating 1:1 stoichiometry of
receptor-carboxylic acid complex. The ratio for the intercept ver-
sus slope gives the association or binding constant (K;) for the
receptor-guest complex [38], shown in Table 1. The absorbance
values at the wavelength 373 nm have been considered for deter-
mining the binding constants. Binding constant values are also
determined by the similar method using fluorescence titration data.
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Fig. 9. Job plot of 1 with benzoic acid (a) and with myristic acid (b).
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Fig. 10. (a) Fluorescence spectra of 2 (c=7.079 x 10~> M) in CHCl5; upon addition of benzoic acid. Inset: change of UV-vis spectra of 2 (c=0.353 x 10~4 M) upon addition of
benzoic acid. (b) Fluorescence spectra of 2 (c=7.079 x 10~> M) in CHCl5; upon addition of myristic acid. Inset: change of UV-vis spectra of 2 (c=0.353 x 10~ M ) upon addition
of myristic acid. (c) Fluorescence spectra of 2 (¢=7.079 x 10-3 M) in CHCl; upon addition of TFA. Inset: change of UV-vis spectra of 2 (c=0.353 x 10~4 M) upon addition of TFA.

From Table 1, it appears that the receptor 1 prefers to bind benzoic
than myristic acid, while for receptor 2 it is the reverse. The steric
interaction between the phenyl ring of benzoic acid and the long
aliphatic chain around the nitrogen center in 2 presumably reduces
the binding constant value for benzoic acid than myristic acid. The
increased binding constants for TFA with both 2 and 3 in the ground
state indicate strong ion-pair formation compared to 1 presumably
due to the presence of long carbon chain that modulates the basic-
ity of the aliphatic nitrogen [39], although not by a large amount.
This is further substantiated by our calculations of Fukui functions
at the two nitrogens (viz. aliphatic, pyridine ring) for electrophilic
attack on 1 and 2 [40]. In the excited state, 1 shows a higher binding
with TFA compared to 2 and 3.

3.2. Theoretical investigations on 1-4

The compounds 1-4, and their complexes with the monocar-
boxylic acids, considered in our study, were subjected to geometry
optimization at AM1 [41,42] level. The optimized structures of 1
with benzoic acid, 2 and 3 with myristic acid are shown in Fig. 13.

In Table 2, some characteristic structural parameters of 1-4 both
in the presence and absence of monocarboxylic acids have been
listed.

Table 1

354
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Fig. 11. Fluorescence responses of 3 (c=3.824 x 10-> M) in CHCl3 upon addition of
benzoic, myristic and TFA.

It is clear from the Table 2 that with increase in size of R’ (pen-
dant substitutent on aliphatic nitrogen) anthracene and pyridine
amide motifs come closer in 2 and it is significantly changed when
complexation occurs with the acids. The same is true for the other

Association constants (K, ) of 1, 2 and 3 with guest carboxylic acids by UV and fluorescence methods.

Carboxylic acids Ky (M~1) with 1

K (M~1) with 2

Ky (M) with 3

uv Fluorescence uv Fluorescence uv Fluorescence
Benzoic 6.33 x 104 1.82 x 10° 8.46 x 103 a 1.95 x 104 a
Myristic 496 x 10° 1.72 x 10? 1.32 x 104 8.33 x 104 2.61 x 104 a
TFA 49 3.56 x 10% 433 x 103 6.23 x 103 6.62 x 103 4.87 x 103

2 Binding constant values were not determined due to minor changes.
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Fig. 12. Job plot of 2 with benzoic acid (a) and with myristic acid (b).

Fig. 13. AM1 optimized structures of the hydrogen-bonded complexes of receptors 1 with benzoic acid (a), 2 with myristic acid (b) and 3 with myristic acid (c).

Table 2
Distances between ring nitrogen of pyridine and anthracene (d) and the hydrogen bond lengths (ry, 12, r3) as shown in Fig. 14.
Sensors d(A) r (A) 2 (A) r3 (A)

Alone BA MA BA MA BA MA BA MA
1 4.837 4.643 4.621 2.130 2.135 2.673 2.669 2.755 2.758
2 4.035 3.838 4.321 4.985 2.155 2.781 2.745 2.674 2.887
3 4.848 4429 4424 2.248 2.176 2.533 2.728 2.892 2.923
4 - - - - - - - 2.708 2.867

BA=in the presence of benzoic acid, MA = in the presence of myristic acid.

compounds also. For 3, although the size of R’ increases the distance
(d) slightly for the isolated molecule, it becomes much less (though
not as much as in case of 1 and 2) when bonded with benzoic acid.
Complexation of myristic acid decreases the distance for all the
compounds, but much less as compared to benzoic acid. Hydro-
gen bond lengths are more sensitive to the size of R" in case of 1 and
2, for complexation with benzoic acid: r; and r, increases and r3
decreases for these combinations. For complexation with myristic
acid, r1, 1 and r3 all increase, although the magnitude is much less
as compared to benzoic acid.

The conclusions from the above exercise are that (i) prototype
sensors 1 and 2 should be the most sensitive with respect to flu-
orescence behavior as the distance between the fluorophore and
binding site changes and (ii) these sensors show the largest struc-
tural change when complexed with the acids. Incidentally, when
compounds 2, 3 and 4 are complexed with myristic acid, the aver-
age distance between the pendant aliphatic chain of the sensors and
the aliphatic chain of the guest lie in the range of 3.9-5 A, showing
a weak chain-to-chain interaction. Also, when 4 is complexed with
benzoic acid, the phenyl group of the latter is situated in between
anthracene and the phenyl groups of 4, with the average distance
of 4.5 and 5.5 A between the rings.

Thus the greatly decreased or increased fluorescence intensity
of the anthracene-based sensors 1-3 in the presence of acid is due

to the relatively stronger noncovalent interactions as well as the
conformation variations in terms of distance and relative orienta-
tion between fluorophore and the receptor sites in solution which
regulate PET processes in different ways. The diminished fluores-

N‘-—.RI

NH‘;.‘O
o= !
R

Fig. 14. Three possible hydrogen bonds in the complexes.



48 K. Ghosh et al. / Journal of Photochemistry and Photobiology A: Chemistry 203 (2009) 40-49

cence emission intensity of 1 is due to thermodynamically favored
primary PET between the tertiary aliphatic nitrogen (receptor 1)
and the excited chromophore (*Anth; receptor 2). Complexation of
this aliphatic nitrogen will stop the primary PET and fluorescence
of 1, in principle, will be increased on the basis of normal logic of
fluorescent PET sensor. But at the same time, the opposite situa-
tion, i.e., decrease in emission can be arranged by secondary PET
process (*Anth to pyrdine amide). In case of 1, there is a combi-
nation of these two opposite situations and in the more favored
hydrogen bonded form B, the activation of secondary PET pro-
cess (*Anth-to-Pyridine amide electron transfer) over the primary
PET (aliphatic nitrogen to *Anth electron transfer) comes in action
resulting the quenching of fluorescence. The electron deficiency of
pyridine amide, either in free or complexed state, here presum-
ably plays the significant role in activating the seceondary PET over
the primary PET process reflecting the quenching of fluorescence
of 1 towards monocarboxylic acids. The same is true for stronger
acid TFA where there is a case of protonation of both aliphatic
and pyridine ring nitrogens instead of highly hydrogen bonding
structures as that of benzoic and myristic acids. In case of 2 and
3, the presence of long aliphatic chain around the aliphatic nitro-
gen has marked effect on the deactivation of secondary PET process
and thus exhibits a reverse switching behavior to that of 1. Even
the replacement of more steric pivaloyl amide in 2 by less steric
acetamide group has a marked effect on the PET process. While 2
shows significant increase in emission in the presence of myris-
tic acid, compound 3 exhibits little increase in the presence of the
same acid. We presume that carboxylic acid motif is comfortably
complexed with the pyridine amide of 3 due to less steric nature
of acetamide moiety for which the aliphatic nitrogen is weakly
involved in complexation and affects the PET process significantly.
This is evident from the gas phase calculation in Table 2 where the
hydrogen bond distance r3 is changed and found greater in the com-
plexes of both myristic and benzoic acids with 3. Even the distance
between anthracene and pyridine ring is also increased during com-
plexation. This change in distance has marked effect on the both the
19 and 2°-PET processes occurring in 3.

4. Conclusions

We have presented the synthesis of a range of new function-
alized anthracene labeled prototype sensors. A key aspect of the
design strategy is the alteration of a substituent around the trivalent
nitrogen keeping anthracene and pyridine amide fixed as fluo-
rophore and binding site, respectively. We have established that
modification of the alkyl chain residue in the anthracene labeled
pyridine amide sensors alters the fluorescence behaviors towards
sensing of monocarboxylic acids. All the sensors 1, 2 and 3, which
are simple, easy to make, show good emission switchability towards
carboxylic acids of different acid strengths. While the sensor 1 is
more sensitive to benzoic acid, the sensor 2 is for myristic acid.
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