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Abstract

N-ethyl-1-naphthalenecarboxamide (LNEa) was synthesized as a reference compouncdchdbi{@-haphthalenecarboxamido)oxaal-
kanes (INSN and 1NLN) having two naphthalene rings as fluorescent chemosensors for metal ions using intramolecular excimer emission.
However, large changes in the fluorescence spectra of INEa having only one naphthalene ring as wellas 1INSN and 1NLN were observed with
the addition of some metal ions. Therefore, the ab initio molecular orbital calculations (Gaussian 98) using both the Hartree—Fock SCF and
density functional theory methods with 6-31G and 6+3G(d) basis sets were carried out for LINEa and its metal complexes to investigate the
complexing behavior. The results of the molecular orbital calculations suggest that LNEa can form a complex with a metal ion by coordination
with both the carbonyl oxygen of the amide group andlectrons of the naphthalene ring. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction For N-ethyl-1-naphthalenecarboxamide (1NEa) (Scheme 1),
which was synthesized as a reference compound, interest-
Molecular recognition is a subject of considerable ing results were obtained. We have thought that the shape
interest because of its implications in many fields such as and intensity of the fluorescence spectra of 1INEa having
biology, medicine, environment, etc. In particular, the detec- only one naphthalene ring did not change when metal salts
tion of metal cations involved in biological processes (e.g. were added. However, when lithium, magnesium, calcium
calcium, magnesium) has received considerable attention.and barium salts were added to the acetonitrile solution of
Our aim is to design fluorescent sensors [1-3] that un- 1NEa, the shape and intensity of the fluorescence spectra did
dergo photophysical changes as significant as possible uporchange. In particular, the ratios @fmax/@piank are greater
cation binding. In 1999, we synthesizedv-bis(1-naphtha-  for Mg?* and C&*. In esters such as ethyl 1-naphthoate
lenecarboxamido)oxaalkanes (INSN and 1NLN) (Scheme 1)(1NEe) (Scheme 1), which exchanged a nitrogen atom of
[4], as fluorescent sensors for metal ions by intramolecular 1INEa for an oxygen atom, these phenomena were not ob-
excimer emission. When sodium and potassium salts wereserved. Therefore, the ab initio molecular orbital calculations
added to the acetonitrile solution of INSN and 1NLN, (Gaussian 98) using both the Hartree—Fock (HF) SCF and
the shape and intensity of the fluorescence spectra did notthe density functional theory (DFT) method with 6-31G and
change. However, the spectra of INSN and INLN changed6-31+4 G(d) basis sets were carried out for INEa and its
with the addition of lithium, magnesium, calcium and bar- metal complexes in order to investigate the complexing
ium salts. The new longer wavelength emissions are duebehavior.
to the excited state complex formation, i.e. intramolecular
excimer formation. In particular, the ratios @max/ @ plank
are greater for M§" than for Lit, C&* and B&* [4]. 2. Experimental details
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(HP-UX 11.0) at the computer center of Hirosaki University. 3. Results and discussion

Conformation search was performed as follows: Mg(ll) ion

was placed near the 1NEa and 1NEe in théorm or in 3.1. Absorption and emission spectra

the bidentate form, if necessary. Initial geometries of the

flexible N-ethylcarboxyamide chain and ethylcarboxylate  The measurement of the absorption spectra was carried
group were determined by the so-calléti@gorithm. There  out in an acetonitrile solution of 1INEa at room temperature,
found lots of the local minimum structures as the optimized and alkali or alkaline earth metal salts (LiGIONaCIQs,
geometries of the conformers of 1NEa and 1NEe and their KCIO4, Mg(ClO4),, Ca(SCN} and Ba(ClQ),) were added
magnesium(ll) complexes, which were obtained using the to the solution. When lithium, sodium, potassium and bar-
HF SCF calculation with the 6-31G basis set. Total energies jum salts were added to the acetonitrile solution of 1INEa, the
were also obtained using the larger basis set of 6G(d), absorption spectra in the absence and presence of the metal
and the DFT method of B3LYP, as a single-point energy salts were identical. Fig. 1 shows the absorption spectra of
calculation. The transition energies of these compounds1NEa in the absence and presence of the sodium salts as a
were also calculated by ZINDO with the optimized molecu- typ|ca| examp|e_ When magnesium and calcium salts were
lar structures which was obtained by HF/6-31G calculations added to an acetonitrile solution of 1NEa, the isosbestic

described above. points were observed. Fig. 2 shows the absorption spectra of
1NEa in the absence and presence of calcium salts as a typ-
2.2. Measurements ical example. Next, we investigated the fluorescence spectra

of INEa. When sodium and potassium salts were added to

The UV-visible absorption spectra were taken on a an acetonitrile solution of 1NEa, the shape and intensity of
Hitachi U-2001 spectrometer. The fluorescence spectra

were taken on a Hitachi F-4500 fluorophotometer. The
fluorescence spectra measurements were carried out in an

acetonitrile solution of the INEa<(10~* mol dm3 where {NEa+ NaclO, fmol dm’
no intermolecular interaction was found) at room tem- 1x10
perature, and alkali or alkaline earth metal salts (LigIO S
NaClOy, KCIO4, Mg(CIOg4)2, Ca(ClQy)2 and Ba(ClQ)2)

1x10°

g
were added to the solution. To prevent any nonlinearity % blank
of the fluorescence intensity, 295nm was chosen as the 2
excitation wavelength.
2.3. Yynthesis
250 300 350 400

INEa was prepared from 1-naphthoic acid and ethy- 2%
lamine in the presence df,N-dicyclohexyl carbodiimide
and 4-dimethylaminopyridine in dichloromethane. The Fig 1. Apsorption spectra of 1NE@ x 10-5 mol dm3) before and after
material data of 1INEa was reported in Ref. [4]. the incremental addition of NaClO

‘Wavelength / nm



J. Kawakami et al./Journal of Photochemistry and Photobiology A: Chemistry 146 (2002) 163-168 165

Table 1
The association constant& Y of 1NEa

INEa+ Ca(ClO,), / mol dm®

logK
215nm 1x10?
3 s M92+ Ca2+
(=
<
£ ¥~ 227nm 1%10° INEa 2.7 26
< blank

naphthalene ring will not be able to form an intramolecu-
lar exciplex. However, when lithium, magnesium, calcium
and barium salts were added to the acetonitrile solution of
1NEa, the shape and intensity of the fluorescence spectra
did change. In esters such as 1NEe, which exchanged a ni-
trogen atom of 1NEa for an oxygen atom, these phenomena
Fig. 2. Absorption spectra of INE4 x 10~% mol dm3) before and after were not observed. The légvalues of INEa are reported

the incremental addition of Ca(CIgy. in Table 12 When the lithium and barium salts were added
to an acetonitrile solution of 1NEa, the shape and inten-

the fluorescence spectra did not vary. For the lithium and Sity of the fluorescence spectra varied only slightly, and

barium salts, the shape and intensity of the fluorescenceth® values of '09<i°r Li* a”f B&" were low(logK' < 2).
spectra varied only slightly. However, when magnesium However, for Mg+ and C&*, the shape and intensity of

and calcium salts were added to an acetonitrile solution of thezﬂuorescence spectra clearly varied. Thekoglues for
1NEa, the shape and intensity of the fluorescence spectrd9~" and C&" were 2.7 and 2.6, respectively.

varied significantly as shown in Fig. 3. These results are N the absence of metal salts, the fluorescence quantum
interesting. We have postulated that the shape and intensityi€ld of INEa @¢ = 0.0036 [4]) was much smaller than

of the fluorescence spectra of INEa did not change whenthat of INEe. The fluorescence quantum yield of 1NEe
metal salts were added, because 1INEa having only ongW@s the same value as naphthalene, namely ca. 0.20. The
1-naphthalene-amide moiety in 1NEa exhibited the twisted

intramolecular charge transfer (TICT) relaxation through

@ the excited rotation around three bonds, which were the
B} naphthalene-CO, OC-NH and N-glonds, in acetoni-

N+ Me(CIO), fmol dm trile solution. In the 9-anthracenecarboxamide derivative,
10 the same phenomenon was reported by Morozumi and
S Nakamura [6]. The 1-naphthalene-ester moiety of 1NEe
did not exhibit a TICT relaxation, and naphthalene—CO
would form in conjugation with the coplanar naphthalene
ring. With respect to the ability of binding with metal ions,
1NEa would be excellent and better than 1NEe, as shown

200 250 300 350 400
Wavelength / nm

1x10°
blank

Intensity (a.u.)

2\We express the metal salt interactions in terms of the equilibrium

Wavelength / nm INEa+M=1INEaM (M = metalion3 (@)

Also, the association constants)(should be expected as follows:

(b) [INEa-M] [INEa- M]

INEa + Ca(ClO,), / mol dm” = [INEa][M] = ([INEa] — [INEa- M])([M]o — [LNEa- M])
5%10° where

3 [INEa-M] = a[INEa} = %[mEa]o 3)
0

1x10° max —
blank From Egs. (2) and (3), the following equation could be derived:

@

Intensity (a.u.)

[M]o = ﬁ + a[INEap )
where [INEa} and [M]p are the initial concentrations of 1NEa and
the metal salts, respectively, and lp the observed locally excited
emission intensities of the 1NEa in the presence and absence of the
300 350 400 450 500 550 metal ion, respectively, anthax the observed locally excited emission
Wavelength / nm intensity of the 1NEa and metal ion complex. A self-written nonlinear
curve-fitting computer program (Eqg. (4)) was used to fit the experimen-
Fig. 3. Fluorescence spectra of 1NEhx 102> moldm3) before and tal titration curves. The association constant was determined from the
after the incremental addition of: (a) Mg(Q®R; (b) Ca(CIQ),. emission—intensity changes at the emission maxima using the equation.
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Fig. 4. The binding model with metal ion in TICT state.

in Fig. 4. Therefore, the ab initio molecular orbital cal-
culations (Gaussian 98) using both the HF SCF and DFT
methods with 6-31G and 6-345(d) basis sets were carried
out for INEa and its metal complexes in order to investigate
the complexing behavior. In the next section, we discuss
the results of the ab initio molecular orbital calculations.

3.2. The ab initio molecular orbital calculations

The flexibilities of theN-ethylcarboxyamide group for

conformer of the complex, 1NEa and Kfgy respectively
AE = Ecomplex— EiNEa— EM92+

The resultingAE's are also summarized in Table 2. It is
important to point out thaE;ngg is the total energy of the
1NEa alone in the most stable conformationdéincludes

the energy for the conformational change of 1NEa to make
the magnesium complexes. From these values, it seems that
the expansion of the basis function did not affect the com-
plex formation, even in ther-complex. On the other hand,

1NEa and ethylcarboxylate group for INEe are able to havethe use of the DFT method makes the formation energy

some conformers in solution. Our MO calculations were
then performed for the conformers given by the so-called
3™ algorithm in order to find the most stable conformers
(Fig. 5). Both 1INEa and 1NEe have formed stable com-
plexes with the magnesium(ll) ion in an 1:1 ratio. Many
local minimum or optimized structures of the 1NEa and
their Mg(ll) complexes and so the 1NEe could be obtained.
The structures of the conformers were different in the metal
binding site as well as in the alkyl chain. The obtained

structures of the magnesium—1NEa complexes were classi-

fied into two types: (a) both N and O of the 1NEa bind with
Mg?t to make a four-membered chelate ring; (b) either N
or O of the 1NEa coordinate to the ion with theelectrons

of the naphthalene chromophore. It was found in the latter
that binding by the carbonyl oxygen was more energeti-
cally stable than that by the amide nitrogen. Furthermore,
the m-complex form is estimated to be more stable than
the bidentate form in ca. 100 kJ mdl from DFT calcula-
tion. This is because the-electrons are able to capture the
magnesium(ll) ion and may contribute to neutralizing the

positive charges on the cation (Table 2). The net charges

on the M@* were diminished by the larger basis set with
a polarized and diffused function. The electron correlation

also decreased the positive charges. The conformers of
the Mg-1NEe complexes have essentially taken the same

classification. The complex formation energgH) was
estimated by the following equation, where tBgomplex
Einga and EMgz+ are the total energy of the most stable

(AE) slightly larger. The effect of the electron correlation

(a) f

_— !
T~ ’( .‘ l | |
& \ | | |
- |1 | ‘
(b) A

Fig. 5. The most stable conformer of: (a) 1NEa; (b) 1NEe.



J. Kawakami et al./Journal of Photochemistry and Photobiology A: Chemistry 146 (2002) 163-168 167

Table 2
Net charges on the Mg (upper) and the formation energies (lowayE (kJ mol-1)) of the complexes

Calculation methods

HF/6-31G HF/6-3%G(d) B3LYP/6-31G B3LYP/6-33+G(d)
1INEa
Bidentate 1.59 1.32 1.35 1.17
—659 —647 —735 —718
w-Complex 1.55 1.26 1.34 1.09
—797 —772 —834 —811
1INEe
Bidentate 1.68 1.38 1.47 1.21
—651 —610 -707 —674
w-Complex 1.55 1.25 1.35 1.09
—737 717 775 —758

was larger during the formation of the bidentate complex nent of their transitions are calculated to be ones from the
than for the monodentate-complex. In any case, it is  w-orbital of the naphthalene moiety to the metal s-orbital.
considered that the 1INEa makes a stable complex with theFurthermore, it is remarkable that the other transitions of
magnesium(ll) ion in ther-complex form, and notinthe (N,  the Mgt complexes involved the LMCT character, even
O)-bidentate form. The complex formation enei@QyeE = if the transitions were associated with that of the ligand
Ecomplex— E1NEe — EMgz+) for the magnesium—1NEe sys- itself. The observed behavior in the absorption band at ca.
tem is shown in Table 2, which is not so different from that 220 and 280 nm, that move to the lower energy side with
for the 1INEa. These calculated results of the energy cannotthe addition of cations, was reproduced by the calculated
explain the experimental results that the fluorescence spec+esults of forming the magnesium(ll) complex. In other
tra of the 1NEe did not change with addition of the cations, words, the transition energies of themi—and ther—n™* of
while that of the 1NEa changed. However, it can be ex- the organic compounds decreased by the interaction with
plained from the difference in the conformational structures the metal ion. The ZINDO calculation for the bidentate
of INEa and 1NEe. The most stable form of the 1NEa has

a twisted configuration at the carboxamide group, while 1
in the 1NEe, the carboxylate group takes coplanar confor- 0.8
mation with respect to the naphthalene moiety to make a 0.6
m-conjugated system. These structures suggest that there is g ¢ 4-
much larger activation energy being required for 1NEe to g 0.2- Il l
make therr-complex with the metal ion than that for 1INEa. 7 o+ | . | . : : . i 1
Thus, the INEe may be hard to make a complex witffMg s 1
The transition energies and their oscillator strengths of = (g
1NEa obtained from the ZINDO calculations were selected § 0.6
and listed in Table 3, and the stick spectra of 1NEa and 0.4
its Mg?t complexes are shown in Fig. 6. All the magne- 0.2
sium(ll) complexes had transitions in the visible region, ca. 0 L |-.l —
450 nm. These transitions are assigned as the ligand-to-metal 200 300 400 500 600

charge-transfer (LMCT) band, because the major compo-

Table 3
Calculated transition energies and their oscillator strengths >tMg
w-complex}

Mg?*+ m-complex, A (nm) Oscillator strengths

453.81 0.0562
303.86 0.1178
301.55 0.1693
281.95 0.1218
239.24 0.0877 |
228.26 0.9859 =

aonly the transition with a large oscillator strength are included, Fig. 6. The calculated spectra of a) 1NEa, b) 1NEaZMar-complex
though all peaks are drawn in Fig. 6. and the optimized geometry of 1NEa—Rtgm-complex.
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Fig. 7. The calculated spectra of 1NEa-#gbidentate complex and the
optimized geometry of 1INEa—Mg bidentate complex.

complex form of 1NEa with M§" gives a very different

J. Kawakami et al./Journal of Photochemistry and Photobiology A: Chemistry 146 (2002) 163-168

ground state. The third possibility does not exclude the
second one. We can then form the picture of the emission
from the excited state which may be the twisted carbonyl
conformation having some metal character to the ground
state of thew-complex form.

4, Conclusion

Although 1NEa has only one naphthalene ring, new
longer wavelength emissions, i.e. excimer-like emissions,
appeared by the addition of Mg and C&*. Therefore,
the ab initio molecular orbital calculations (Gaussian 98)
using both the HF SCF and DFT methods with 6-31G and
6-31+-G(d) basis sets were carried out for 1NEa to inves-
tigate the cause of these new longer wavelength emissions.
For the metal complex of 1NEa, a new transition band at the
longer wavelength was obtained by the molecular orbital
calculations. This transition band would correspond to the
absorption band of the new longer wavelength emission.
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