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Fluorescence of Metal-Ligand Complexes of Mono-
and Di-Substituted Naphthalene Derivatives
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In this work, metal ion complexes for several naphthalene derivatives have been investigated. Different
working pH values were chosen: 2.5 for complexes with Zr(IV), 4.0 for complexes with Fe(III), 5.0 for
complexes with Al(III), and 7.5 for complexes with Cu(Il). A stoichiometry of 1:1 for all complexes
except two has been established by use of the Benesi—Hildebrand method and the stability constants
have been calculated. All complexes between naphthalene derivatives and Cu(II) and Fe(III) show
fluorescence quenching. In the case of AI(III), all complexes provided enhanced fluorescence. For
Zr(IV), only the complex with 3-hydroxy-2-naphthoic acid provided enhanced fluorescence. The
value of the stability constants as a function of the substituents of naphthalene derivatives has been
analyzed. One can conclude that Cu(I) showed the largest binding affinity for the mono-substituted
derivatives. However, Al(III) and Zr(IV) produced greater selectivity for the di-substituted derivatives.

Iron(III) showed no specific binding with any of the naphthalene derivatives.
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INTRODUCTION

Complexes between naphthalene derivatives and dif-
ferent metal ions have been studied since the early
1960s. In these studies, different methods, such as
voltammetry [1,2], spectrophotometry [2—7], and flame
atomic-absorption spectrometry [8,9] have been used
to examine these complexes. As examples, several
references on potentiometric studies of complexes of
Cu(Il) with 1-hydroxy-2-naphthoic acid (1H2NA) [10—
12] and 3-hydroxy-2-naphthoic acid (3H2NA) [12,13]
have been found. In all cases, an organic:aqueous so-
lution (ethanol:water [10,11] or dioxane:water [12,13])
was used. It is also noted that a ternary complex be-
tween 1H2NA or 2-hydroxy-1-naphthoic acid (2HINA)
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with Cu(Il) and 2,2-bipyridine has been reported by Datta
etal.[14].

The compound 3H2NA is one example of a naphtha-
lene derivative that has been frequently used for the de-
termination of metal ions. For example, 3H2NA has been
used for the determination of Al(IIT) by spectrofluorimetry
[15,16]. In addition, 3H2NA has been used for the fluo-
rimetric determination of Be(II) [15—18] and Sc(III) [19].
Likewise, an extraction-photometric method has been pro-
posed for the determination of V(V) [20]. Casassas et al.
determined trace amounts of copper(Il) by use of a cat-
alytic spectrophotometric method [21], and Abdel-Ghani
et al. proposed the spectrophotometric determination of
some lanthanoids using 3-hydroxy-2-naphthoic acid azo-
dyes [22]. Kasiura proposed a method for the determina-
tion of Ca(Il) and Mg(Il) by formation of binary com-
plexes with 3H2NA [23]. A comparison between 1- and
2-naphthoic acid as an extracting agent for Co(II), Ni(II)
and Cu(Il) has also been studied by Yamada et al. [24].

In this paper, the complexes of 11 naphthalene
derivatives (mono- and di-substituted with hydroxy and
carboxylic groups) and several metal ions (Cu(Il), AI(III),
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Fe(Ill) and Zr(IV)), are systematically studied by use of
spectrofluorimetry. The Benesi—Hildebrand method was
applied to determining the stoichiometry of these com-
plexes. The logarithm of the stability constants were then
tabulated and a comparison is made for variations in the
functional group attachments.

EXPERIMENTAL

Apparatus

Fluorescence spectra were acquired by use of a
Fluorolog-2 (Yvon-Horiba, New Jersey, USA) spectroflu-
orimeter equipped with a 450-W Xenon arc lamp and
controlled by a software DataMax, version 2.2. Sam-
ples were measured in a 1 quartz cell with excitation
and emission slit bandwidths of 4 nm. Excitation and
emission wavelengths were different for each of the
naphthalene derivatives and are therefore summarized in
Table I. All measurements were taken at room temper-
ature. All pH measurements were made with an Orion
410A (Cambridge, MA, USA) digital pH-meter using a
combined glass-calomel electrode.

Materials

The compounds 1-naphthoic acid (1NA), 2-
naphthoic acid (2NA), 1-hydroxy-2-naphthoic acid
(1H2NA), 3-hydroxy-2-naphthoic acid (3H2NA), 6-
hydroxy-2-naphthoic acid (6H2NA), 2-hydroxy-1-
naphthoic acid (2H1NA), 1-naphthol (INOH), 2-naphthol
(2NOH), 1,4-naphthalenedicarboxylic acid (14NDA),

Table I. Name, Abbreviation and Excitation and Emission Wavelen-
gth for the Different Analytes

Name Abbreviation Aex/Aem (nm)

1-Naphthoic acid (I) INA 312/400
2-Naphthoic acid (II) 2NA 334/386
1-Hydroxy-2-naphthoic acid (IIT) 1H2NA 344/417
3-Hydroxy-2-naphthoic acid (IV) 3H2NA 354/504
6-Hydroxy-2-naphthoic acid (V) 6H2NA 313/453
2-Hydroxy-1-naphthoic acid (VI) 2HINA 342/414
1-Naphthol (VII) INOH 320/460
2-Naphthol (VIII) 2NOH 327/417
1,4-Naphthalene-dicarboxylic 14NDA 324/432

acid (IX)
2,3-Naphthalene-dicarboxylic 23NDA 342/390

acid (X)
2,6-Naphthalene-dicarboxylic 26NDA 340/370

acid (XI)

Rodriguez-Caceres, Agbaria, and Warner

2,3-naphthalenedicarboxylic acid (23NDA) and 2,6-
naphthalenedicarboxylic acid (26NDA) were purchased
from Aldrich (Milwaukee, WI, USA) and used as re-
ceived. Triple distilled, de-ionized water (Purelab UV/UF,
US filter) was used in all experiments. Glycine, Tris,
ZrCly, AI(INO3)39H,0 and Fe,(SO4)37H,0 were all ob-
tained from Sigma and CuSO45H,0 was obtained from
Fisher Scientific (Pittsburg, PA, USA)

General Procedure for Fluorescence Measurements

A 3.5 x 1073 M stock solution of all reagents was
prepared by weighing the appropriate amount of each
compound and dissolving in methanol. Only in the
case of 2,6-naphthalenedicarboxylic acid was the solvent
DMF:MeOH (10:90 v/v) used. To prepare dilute solutions,
an aliquot of stock solution was placed in a 5 mL volumet-
ric flask and filled to the mark with distilled water. Spectra
were recordered immediately after sample preparation in
the optimum wavelength range for each compound (see
Table I).

The interactions of naphthalene derivatives with
metal ions were studied at several pH values by use of
fluorescence measurements. For determination of the sta-
bility constants of the complexes, the concentrations of
reagents were held constant at 2.0 x 10~3 M, while the
concentrations of metal ions were varied in the range of
0.0-2.0 mM. In the case of Cu(Il), the complex is so
weak that the concentration of metal ion was increased
to 18 mM to monitor variations in fluorescence. The
buffers (0.5 M) used were glycine/HCI pH 2.5 for the
complexes with Zr(IV), NaAc/HAc pH 4.0 for the com-
plexes with Fe(IlI), NaAc/HAc pH 5.0 for the complexes
with AI(IIT) and Tris/HCI pH 7.5 for the complexes with
Cu(ID). The order of addition was constant using the fol-
lowing scheme: naphthalene derivative + buffer + metal
ion.

Determination of Stoichiometries and Association
Constants of the Complexes

The stoichiometries and stability constants of the
complexes with the metal ions were established by use
of the Benesi—-Hildebrand method [25]. Assuming that
the metal ions form 1:1 inclusion complexes with the
naphthalene derivatives, Eq. (1) is applicable:

1 1 1
= +
F—F (Fx—F)K[Mely (Fo — Fo)

In this approach, a graph of 1/(F — Fy) versus
1/[Me]y, was made where F is the observed fluorescence

6]



Fluorescence of Metal-Ligand Complexes of Mono- and Di-Substituted Derivatives 187

at each concentration tested, F is the fluorescence inten-
sity of analyte in the absence of metal ion, and [Me] is
the concentration of metal ion. A linear plot is required
for this double reciprocal plot in order to conclude 1:1
stoichiometry.

In the case where a 2:1 stoichiometry is predominant,
the applicable equation is:

1 1 1

F—Fo (Fu—FoKIMeR | (Fu—Fp

For a 2:1 complex, a straight line would be obtained
when 1/(F — Fy) is plotted against 1/[Me]3.

If the stoichiometry is 1:1, a linear relationship has to
be obtained when 1/(F — Fy) versus 1/[Me] is plotted. In
contrast, a downward concave curvature is obtained when
these same data are fitted to a 2:1 complex, with the use of
Eq. (2). This observation suggests that the stoichiometry
of the complex is not 2:1.

The association constant is determined by dividing
the intercept by the slope of the straight line obtained
in the double-reciprocal plot.

RESULTS AND DISCUSSION

Complexes with Cu(Il)

A study of the complexes with Cu(II) was performed
at pH 7.5. This pH was chosen to avoid precipitation of
copper hydroxide. Three out the four, mono-substituted
naphthalene derivatives yielded complexes with Cu(Il).
The logarithms of the equilibrium constants values (log K)
(Table II) vary between 2.54 and 2.82. A comparison be-
tween OH and COOH groups revealed that the complexes
with the COOH group were stronger than those with the
OH group.

For di-substituted naphthalene with different sub-
stituents, the log K values varied between 1.78 and 2.78.
Interestingly, 6H2NA has a similar log K value to 2NA.
However, the log K values for IH2NA and 3H2NA are
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Fig. 1. Influence of concentration of Cu(II) on the fluorescence inten-
sity of some mono- and di-naphthalene derivatives. Concentration of
naphthalene derivatives: 4 ug/mL. pH 7.5 (Tris/HCL, 0.1 M).

lower. In general, the log K values for the di-substituted
derivatives were smaller than either one of the mono-
substituted parent compounds, i.e. naphthoic acid or naph-
thol. This lead to the conclusion that the second substituent
in the ortho position is interfering with the complexation
of Cu(I). The 2HINA is the only reagent which has a
stoichiometry of 1:2 under the same conditions as the
others (log K = 5.48). In this case, the representation of
1/(F — Fp) versus 1/[Me]3 gave a straight line with a
R? = 0.998.

Figure 1 shows the influence of concentration of
Cu(II) on the fluorescence intensity of several reagents. It
is worth nothing that di-substituted 26DNA and 6H2NA
behave similar to mono-substituted NA due to the para po-
sition of the substituents. All of the di-substituted reagents
have very similar log K values.

Complexes with AI(IIT)

The change in fluorescence intensity of the com-
plex 1H2NA-AI(III) as a function of pH was examined.
An increment of the fluorescence signal was observed
when the pH increased between pH 2.3 and 3.5. After
this pH, the fluorescence intensity remained constant un-
til pH 5.0. For pH higher than 5.5, a white precipitate
is observed. For this reason, pH 5.0 was chosen for the

Table II. The log K Values for the Naphthalene Derivatives-Metal Ions Complexes

Analyte/Metal INA 2NA 1H2NA 3H2NA 6H2NA 2HINA INOH 2NOH I14DNA 23DNA  26DNA
Cu(Il) — 282 1.78 2.00 2.78 Bl 200 2.54 — — 2.05
AI(IIT) 118 140 382 3.60 — 3.52 — — — 2.00 1.45
Fe(III) 340 378 370 3.82 3.40 4.00 370 378 3.15 3.78 3.45
Zr(IV) 448 — 3.35 3.30 — — — — 1.85 3.52 —

Note. All the complexes that present enhancement of fluorescence are represented with grey bottom. For the other analytes there are quenching
of fluorescence. All the complexes present stoichiometry 1:1 except, the ones in black bottom, that present stoichiometry 1:2. The buffer
used were: 0.1 M glycine/HCI, pH 2.5 for Zr(IV), 0.1 M AcNA/HAc, pH 4.0 for Fe(III) and 5.0 for Al(III), and 0.1 M Tris/HCI, pH 7.5 for

Cu(ID).
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Fig. 2. Influence of concentration of AI(III) on the fluorescence in-
tensity of 1H2NA, 3H2NA and 2H1NA. Concentration of naphthalene
derivatives: 4 ug/mL. pH 5.0 (NaAc/HAc, 0.1 M).

study of the complexes with AI(IIT). Only complexes with
the mono-substituted reagents and Al(IIl) were formed
for the COOH substituent. In the case of 1INA and 2NA,
enhancement of fluorescence was observed. However, the
complexes were not very strong. The measured log K val-
ues are 1.18 and 1.40 for INA and 2NA, respectively.
If we compare the di-substituted reagents, we observe
that the strongest complexes are formed between AI(III)
and the reagents, which have two different substituents.
Figure 2 illustrates the variation of the fluorescence inten-
sity of the three ortho di-substituted naphthalene deriva-
tives. The maximum fluorescence intensity was reached
when the substituents were in positions 2 and 3.

Complexes with Fe(III)

For the study of the complexes with Fe(Ill), a pH
4.0 buffer using 0.10 M of NaAc/HAc was chosen. In
this case, all reagents investigated formed a red 1:1 com-
plexes and produced quenching fluorescence. The influ-
ence of Fe(IIl) concentration on the fluorescence of 2NA
is presented in Fig. 3. As seen, the fluorescence intensity
decreases and almost disappears at Fe(II) concentrations
higher than 1 mM. The Benesi—Hildebrand’s plots for the
calculation of stoichiometry and stability constants of the
2NA:Fe(Ill) complex are presented in Fig. 4. In Fig. 4A,
the plot of 1/(F — Fp) versus 1/[Fe(Ill)] gives a straight
line, which is indicative of 1:1 stoichiometry. In Fig. 4B,
the plot of 1/(F — Fy) versus 1/[Fe(II)]? does not give a
straight line, which is consistent with a 1:1 stoichiometry
for the 2NA:Fe(IIl) complex.

All complexes with iron showed stoichiometry 1:1.
This is likely because all the reagents have hydroxy and
carboxylic groups. It is well know that the interaction
between these two groups and iron can form complexes
with different stoichiometry at different pH values. For ex-
ample, Martinez Vidal [26] studied the reaction between
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Fig. 3. Influence of concentration of Fe(III) on the fluorescence intensity
of 2NOH. [2NOH] = 4 pg/mL; Aex = 312 nm; Aeyy = 400 nm; pH 4.0
(0.1 M NaAc/AcH).

5,5'-metylendisalicylic acid with iron and obtained three
different complexes as a function of pH. The complex was
violet at pH 1.6 (stoichiometry 1:2), red at pH 6.5 (stoi-
chiometry 1:1) and yellow at pH 10 (stoichiometry 3:2).
In our case, all complexes have been studied at pH 4; all
the complexes had red color; for this reason, it is reason-
able to find a 1:1 stoichiometry for all of them. All of the
analytes present acidic ligands, and react with the iron in
the following manner: OH and COOH lose a H and then
there is a coordination with the metal forming a metallic
chelate [27].

This suggests a difference between the naphtha-
lene derivatives and other iron complexes such as
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Fig. 4. Benesi—Hildebrand’s plots for the 2NA:Fe(III) complex. (A)
Assuming 1:1 stoichiometry; (B) Assuming 1:2 stoichiometry.
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[Fe(bipy);]** or [Fe(phen);]** where one molecule of
iron is binding three molecules of ligand. In this case, the
N of the heteroatom provides electrons to bond to the iron.
This kind of basic ligands, acts as o -donors because of the
presence of the sp> donor orbital on the N atoms. How-
ever, it can also function as acceptors due to the presence
of delocalized 7 orbitals associated with their aromatic
ring systems.

Complexes with Zr(IV)

For the study of complexes with Zr(IV), a pH of
2.5 was chosen because at higher pH values, the Zr(IV)
precipitates as Zr(OH)4. Of the four metal ions, Zr(IV)
yielded the most interesting results. With the mono-
substituted naphthalene derivatives, only the formation
of a complex with stoichiometry 1:2 (log K = 4.48) is
observed between 1NA and Zr(IV). With di-substituted
naphthalene derivatives, we observe complexes only when
the substituents are in the ortho position. The most in-
teresting result is the different behavior of 1H2NA and
3H2NA. The only difference in these two compounds is
the position of the OH group. However, this change has
a great influence on the fluorescence, since enhancement
and quenching of fluorescence is observed (Fig. 5).

CONCLUSIONS

The results reported here support the formation of
a variety of complexes between naphthalene derivatives
and various metal ions. Fe(III) showed no specific binding
with any of the derivatives.

Cu(II) did not enhance or quench the fluorescence of
any of the 1-naphthoic derivatives. However, all but one
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Fig. 5. Influence of concentration of Zr(IV) on the fluorescence intensity
of 1H2NA, 3H2NA, 23DNA and 14DNA. Concentration of reagents:
4 pg/mL. pH 2.5 (glycine/HCI, 0.1 M). The small graph is a detail of
the interaction of 14DNA with Zr(IV).

of the 2-naphthoic derivatives produced significant fluo-
rescence quenching with Cu(II). Furthermore, the mono-
substituted derivatives showed the highest binding affinity
for Cu(Il), indicating that the binding is not co-operative
between the two adjacent groups, as observed for Zr(IV)
and AI(III).

The fluorescence intensities of all mono- and di-
substituted naphthalene derivatives were enhanced by
AI(III). Furthermore, the binding affinity reached its max-
imum for the di-substituted naphthalene derivatives with
ortho COOH and OH groups. In comparison, the binding
affinity was lower when both groups were COOH. How-
ever, the weakest binding affinity was found for mono-
substituted naphthoic acid or when the two COOH groups
of the di-substituted naphthoic acid were not ortho. In con-
trast, the fluorescence of the naphthols was quenched by
AlID).

Complexes with Zr(IV) showed very interesting re-
sults. The fluorescence of 2-naphthoic acid was quenched
by Zr(IV) when the 1-position was substituted with an OH
group. In contrast, substitution of an OH in the 3-position
of 2-naphthoic acid resulted in enhanced fluorescence. For
AI(III) the highest binding affinity was observed when the
ortho groups were COOH and OH. In contrast, the highest
binding affinity for Zr(IV) was achieved when the ortho
groups were both COOH.

The studies reported here are interesting for two main
reasons. First, the variation in fluorescence intensity as
a result of position and substitution is worthy of further
study, since the reasons for these variations are not entirely
apparent. Therefore, further studies are warranted for sci-
entific reasons alone. Second, these or similar molecules
may serve as sensors for metal ions due to the variation
in response to different metal ions. Finally, understanding
the interactions reported here may lead to the development
of novel kinds of sensor molecules.
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