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The coordination complexes formed between the fluorophore Received 14 May 2025
N-((4-pyridyl)methyl)-1,8-naphthalimide (4-pn) and a range of Accepted 11 August 2025
divalent metal halides were studied. Five new complexes, of the

formula [M(4-pn),X,], where M =metal ion and X = halido ligand KEYWORDS

were obtained from the combination of 4-pn and the divalent  1.8-naphthalimide; coordin-
metal halides ZnX, (X=Br~ or I7), CoX, (X=Cl~ or Br) or Hgl, ation complexes; solid-state
These coordination complexes were characterized using elemental fluorescence

analysis, powder X-ray diffraction and single crystal X-ray diffrac-

tion. Three different structural types were obtained with the metal

centers displaying a distorted tetrahedral geometry in all the

structures, but showing different degrees of distortion. Solid-state

fluorescence studies were also conducted on these complexes to

explore the influence of both the metal ion and halido ligand on

the photophysical properties of the complexes. The complex con-

taining ZnBr, shows fluorescence enhancement relative to 4-pn,

emitting at a similar wavelength to the organic ligand. However,

complexes containing Co(ll) show fluorescence quenching, emit-

ting at lower wavelengths compared to 4-pn. The presence of

iodido ligands or Hg(ll) in the complexes drastically reduces the

fluorescence emission of the complex.
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Introduction

Fluorescent materials play a significant role in scientific research due to their potential
application in diverse fields, for example sensing, bio-imaging and optoelectronics [1].
1,8-Naphthalimide derivatives are of interest as fluorescent materials since they have
good photo-stability and show strong fluorescence, high fluorescence quantum yield
[2] and tunable emission wavelength [3]. These properties, together with being both
chemically and thermally stable, makes 1,8-naphthalimide derivatives ideal for use as
colorants in the polymer industry [4] and fluorescence probes for medical and bio-
logical purposes [5]. 1,8-Naphthalimide derivatives can be designed in such a way to
make standard light-emitting materials with a wide range of colors for applications as
organic light emitting diodes (OLEDs) [6]. Applications of 1,8-naphthalimide derivatives
also include fluorescent sensors [7], fluorescence cell markers [8], liquid crystal displays
[9] and laser dyes [10].

The synthesis of coordination complexes containing the 1,8-naphthalimide moiety
is of particular interest in this study. The organic ligand N-((4-pyridyl)methyl)-1,8-naph-
thalimide, abbreviated 4-pn, used in the current study, was synthesized using conven-
tional methodology by stirring equimolar quantities of 1,8-naphthalic anhydride with
4-(aminomethyl)pyridine in tetrahydrofuran as illustrated in Scheme 1 [11].

4-pn consists of three fused rings and a flexible (4-pyridyl)methyl arm, with the
nitrogen atom of the pyridyl group acting as the coordination site. This ligand is of
interest since it exhibits dual fluorescence due to the excited state with extended con-
jugation via m-stacking interactions, originating from charge transfer [12]. Molecules
with dual fluorescence properties are used as analytical reagents for many substrates
[13] and can also potentially be used as new lighting sources [14].

The crystal structure of the neutral organic ligand 4-pn has been reported in the lit-
erature (Cambridge Structural Database, CSD [15]) with refcode WEZDAH [11]. We
have previously reported the structures formed through the combination of 4-pn and
divalent metal halides under acidic conditions [16]. Under these acidic conditions, the
4-pn ligand is protonated, to form a N-(4-picolinium)-1,8-naphthalimide cation, abbre-
viated as pnH, before the addition of the metal halide. Reaction with the metal halide
then results in the formation of an ionic structure. In these ionic structures, tetrahalo-
metallate anions adopt a tetrahedral geometry when the reaction was done with ZnX,
(X=CI" and Br7), CoX, (X=CI™ and Br™), CdCl, or HgCl,, while the tetrahalocuprates,
with CuX, (X=CI~ and Br"), resulted in a distorted square planar geometry. A search
of the CSD [15] (Version 5.45, September 2024 Update) revealed that no structures of
coordination complexes containing the organic ligand 4-pn with divalent metal hal-
ides have been reported in the literature. This indicated a gap in the literature leading
to the current investigation, which focusses on the structural characterization and
fluorescence study of coordination complexes formed between 4-pn and a range of
the metal halides. Coordination complexes of ((3-pyridyl)methyl)-1,8-naphthalimide
with divalent metal halides CoX, and ZnX, (X=CI™ or Br7) in different solvents have
also been reported by our group, and all the complexes were found to contain solvent
molecules in their crystal structures [17].

In the current study, the organic ligand 4-pn, which is a fluorophore, was synthe-
sized and complexed with a series of divalent metal halides to investigate their
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Scheme 1. The synthesis of N-((4-pyridyl)methyl)-1,8-naphthalimide, 4-pn

structures and the effect of the metal ion and halido ligand on the fluorescence prop-
erties of the complexes. Since paramagnetic metal ions were reported to enhance
fluorescence while diamagnetic metal ions quench the fluorescence of a fluorophore
[18], both paramagnetic (Co(ll)) and diamagnetic metal ions (Zn(ll) and Hg(ll)) were
used in this study.

Experimental

Chemicals and reagents

All starting materials and solvents were used as purchased without prior purification:
CoCl, (98%, Fluka), CoBr, (98%, Sigma Aldrich), ZnBr, (99%, Riedel de Haen), Znl,
(99.9%, Sigma Aldrich), Hgl, (99%, Sigma Aldrich), 4-(aminomethyl)pyridine (also
known as 4-picolylamine) (98%, Sigma Aldrich), 1,8-naphthalic anhydride (95%, Sigma
Aldrich), CH3OH (99%, Merck), CHCl; (99.9%, Merck), THF (99.9%, Merck) and DMF
(99%, Sigma Aldrich).

Synthesis
The yields of the reactions were not optimized.

Synthesis of N-((4-pyridyl)methyl)-1,8-naphthalimide, 4-pn

The organic ligand, 4-pn, was prepared using the method described by Sarma et al.
[11]. In our reaction, 5.0029g (25.246 mmol) of 1,8-naphthalic anhydride and 2.7103 g
(25.063 mmol) of 4-(aminomethy)pyridine were used. The method was adapted by
recrystallizing the obtained solid from DMF. The experimental powder pattern of N-((4-
pyridyl)methyl)-1,8-naphthalimide, 4-pn, prepared in this study, matches the calculated
powder pattern obtained from WEZDAH [11] and is shown in the Supplementary
Information Section 1. Yield: 6.1868 g (85%).

Elemental Analysis for CigHi,N,0, (4-pn) (%): Caled.: C, 74.99; H, 4.2; N, 9.72:
Found: C, 73.78; H, 4.48; N, 9.24.

Synthesis of coordination complexes

The general synthetic method employed to prepare the coordination complexes 4-
pnCoCl, 4-pnCoBr, 4-pnZnBr and 4-pnHgl involved the dissolution of the organic lig-
and, 4-pn, in 10 ml of CHCls. This solution was placed in a vial, and a buffer layer of
CH3OH (3ml) was carefully layered over the ligand solution. A solution of MX,, in
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10 ml of CH3OH, was then layered over the buffer layer, and the vial was closed. The
layered reaction was left undisturbed at room temperature, allowing the product to
form at the interface. After two to three weeks, crystals of the product were harvested.
The relevant synthetic information is given in Table 1.

The coordination complex 4-pnZnl was prepared using a different synthetic pro-
cedure. In this case, solid Znl, (0.349 mmol, 0.1114 g) was added to a solution of 4-pn
(0.704 mmol, 0.20304g) in 10 ml DMF. The resulting solution was stirred for about fif-
teen to twenty minutes and was then left uncovered at room temperature for crystal-
lization. Slow evaporation of the DMF solvent resulted in the formation of white,
plate-like crystals of 4-pnZnl (0.1671 g) after two to three weeks. A yield of 53% was
obtained.

Elemental analysis for [Zn(CygH1,N,0,),15] (4-pnZnl) (%): Caled.: C, 48.27; H, 2.70; N,
6.25: Found: C, 48.59; H, 2.59; N, 6.35.

Instrumental studies

Single crystal X-ray diffraction

A Rigaku XtaLAB Synergy R single crystal X-ray diffractometer was employed for the
collection of diffraction data for structures 4-pnZnl, 4-pnCoCl and 4-pnCoBr. The
instrument was equipped with a HyPix CCD detector, and a rotating anode X-ray
source. Cooling to 150(2) K was achieved by an Oxford Cryogenics Cryostat, and data
were collected via o scans. CuK-a radiation (. = 1.54184 A) was employed for struc-
tures 4-pnCoCl and 4-pnZnl, and MoK-a radiation (A = 0.71073 A) was used for struc-
ture 4-pnCoBr. The software program CrysAlisPro (Version 1.171.40.23a) [19] was used
for data reduction and absorption corrections.

A Bruker D8 Venture single crystal X-ray diffractometer, equipped with a Photon
100 CMOS detector, was employed to collect diffraction data for structures 4-pnHgl
and 4-pnZnBr. Data were collected at 150(2) K, using ¢ and ® scans. The crystals
were irradiated with MoK-a radiation (A = 0.71073A), and cooled using an Oxford
Cryogenics Cryostat. The program SAINT+ [20] was employed for data reduction, and
SADABS [21] for absorption corrections. Both these programs form part of the APEX I
[22] suite of programs.

The crystal structures were solved via direct methods or intrinsic phasing using
SHELX-2013 [23], as part of WinGX [24], while the structures were refined using
SHELXL [25], as part WinGX [24]. For all the structures, the hydrogen atoms were
placed in calculated positions riding on their parent atoms. The software Mercury [26]
and Platon [27] were used to generate figures analyze the structures.

Powder X-ray diffraction

Samples for powder X-ray diffraction were prepared by sprinkling the powder sample
on a low-back ground silicon sample holder. Powder X-ray diffraction patterns were
collected on a Bruker D2 Phaser instrument, at room temperature. The software
DiffractWD [28] was used to compare the experimental powder patterns with powder
patterns calculated from single crystal data. These comparisons are given in
Supplementary Information Section 1.
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Solid-state fluorescence spectra

Samples for the measurement of fluorescence spectra were prepared by sandwiching
a thin layer of the compound to be analyzed between two glass microscope slides. A
Horiba Fluoromax-4 spectrofluorometer was used to collect solid-state fluorescence
spectra at room temperature. The instrument was equipped with a photomultiplier
detector, a xenon lamp light source and a plane-grating Czerny-Turner spectrometer.
The wavelength range of the optical system was 200 nm to 950 nm, and for both exci-
tation and emission spectra, a front entrance and exit slit of 500 nm band pass was
used. The samples were measured at a 45° geometry.

Results
Crystallographic discussion of structures

Five new crystal structures that combine the organic ligand 4-pn with divalent metal
halides ZnX, (X=Br~ or |I7), CoX, (X=CI~ or Br) or Hgl,, were obtained, with the line
structures of the complexes shown in Scheme 2. The structures will be abbreviated as
4-pnMX, with 4-pn indicating the organic ligand, M the metal ion, and X the halido
ligand.

Three different types of structures were obtained. Structure 4-pnZnBr was found to
be isostructural to structures 4-pnCoBr and 4-pnZnl. All the structures display iso-
lated, zero-dimensional coordination complexes, of the formula [M(4-pn),x,], with the
metal centers coordinated to two halido and two organic ligands via the aromatic
nitrogen atom and displaying a distorted tetrahedral geometry. The crystallographic
parameters of these structures are listed in Table 2 and the molecular structures of
the complexes are illustrated in Figure 1. Selected bond lengths, angles, torsion angles
and other geometric parameters are listed in Table S2.1 in the Supplementary
Information Section 2.

Structure 4-pnCoCl

Structure 4-pnCoCl crystallizes in the space group Fdd2 and its asymmetric unit com-
prises half a Co(ll) metal center, coordinated to one chlorido ligand and one 4-pn lig-
and, via the nitrogen atom of the N-donor 4-pn ligand, as shown in Figure S3.1 in the
Supplementary Information Section 3. The Co(ll) ion is located on a two-fold rotation
axis, which generates the second half of the [Co(4-pn),Cl,] complex molecule, which is
shown in Figure 1. In the molecule, the Co(ll) center adopts a four-coordinated,

o} o)
O O 4-pnCoCl: L=4-pn, MX, = CoCl,
N N 4-pnCoBr: L=4-pn, MX, = CoBr,
- - 4-pnZnBr: L=4-pn, MX; = ZnBr,

o 2 N pO©

NG /N
M
/N

4-pnZnl: L=4-pn, MX; = Znl,
4-pnHgl: L=4-pn, MX, = Hgl,

X X
Scheme 2. Structures reported in this study.
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- 4-pnHgl

Figure 1. Molecular structures of the coordination complexes 4-pnCoCl, 4-pnZnBr (also a represen-
tative of the molecular structures of the isostructural structures 4-pnCoBr and 4-pnZnl) and 4-
pnHgl, illustrating the atomic numbering scheme. Ellipsoids are drawn at the 50% probability level.

distorted tetrahedral geometry, illustrated in Figure 2(a), with a Co-N bond length of
2.063(4) A and a Co-Cl bond length of 2.2547(14) A. The N-Co-Cl angles fall within the
range 99.82(12)° to 102.20(12)° while the N-Co-N angle is 125.1(3)° and the Cl-Co-Cl
angle is 131.02(10)°, indicating the distortion from the ideal tetrahedral geometry. Due
to the fact that the Co(ll) ion is located on a two-fold rotation axis, the two 4-pn
ligands adopt the same conformation, with a N(2)-C(6)-C(3) angle of 111.9(5)° at the
methylene group connecting the rigid naphthalimide portion to the pyridyl group.
The molecules pack along the ag-axis forming perpendicular stacks, with aromatic
interactions between the 1,8-naphthalimide groups and pyridine groups, as illustrated
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(c) (d)

Figure 2. (a) Conformation of complex in 4-pnCoCl. (b) Aromatic interactions in stack. (c) Packing
of 4-pnCoCl when viewed down the c-axis. (d) Crystalline fibers of 4-pnCoCl, showing curved
fibers.

in Figure 2(b). The centroid-to-centroid distance between the aromatic moieties is
4341 A. Figure 2(c) shows the packing diagram of structure 4-pnCoCl, viewed down
the c-axis, showing that the molecules pack to form a V-shaped, herringbone packing.

The crystal habit of the complex 4-pnCoCl proved to be very interesting since it
formed very fine, long fibers upon crystallization, with diameters of 5 to 10um, as
shown in Figure 2(d), with some fibers being curved. Reddy et al. [29] investigated the
bending of organic crystals, and found that crystals in which intermolecular interac-
tions in different directions differ in strength, may exhibit bending. These often
include compounds containing aromatic stacks similar to what is observed in the
structure of 4-pnCoCl.

Structures 4-pnCoBr, 4-pnZnBr and 4-pnZnl

Structures 4-pnCoBr, 4-pnZnBr and 4-pnZnl are isostructural, crystallizing in space
group Pbcn, and they will be discussed together. The asymmetric unit of these struc-
tures contains half a metal ion coordinated to one halido ion and one 4-pn ligand, as
illustrated in Figure S3.1 in the Supplementary Information Section 3. The metal ion is
located on a two-fold rotation axis, with the rest of the [M(4-pn),x,] complex gener-
ated by this symmetry operator, with the full complex molecule shown in Figure 1.
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Figure 3. (a) Complex molecule in 4-pnZnBr. (b) Packing of 4-pnZnBr viewed down the b-axis. (c)
Packing of 4-pnZnBr viewed down the c-axis. (d) Aromatic interactions in 4-pnZnBr. Structure 4-
pnZnBr is also representative of structures 4-pnZnl and 4-pnCoBr.

In these three complexes, the metal cation is coordinated in a distorted tetrahedral
geometry, as shown in Figure 3(a), by two halido anions, with a X-M bond length of
2.3552(3) A in 4-pnZnBr, 2.5488(5) A in 4-pnZnl and 2.3715(4) A in 4-pnCoBr, indicat-
ing that an increase in size of halido ligand brings about an increase in M-X bond
length. The metal cation is also coordinated to two 4-pn organic ligands, with a Zn-N
bond length of 2.0659(18) A in 4-pnZnBr, 2.066(4) A in 4-pnZnl and a Co-N bond
length of 2.046(2) A in 4-pnCoBr, indicating the bigger size of the zinc ion compared
to the cobalt ion.

The distortion from the ideal tetrahedral geometry around the metal centers is evi-
dent from the angles involving the metal ion. The N-M-N and X-M-X angles are
93.80(10)° and 121.02(2)° in 4-pnZnBr, 93.8(2)° and 119.17(4)° in 4-pnZnl and
95.91(14)° and 117.87(3) in 4-pnCoBr. The N-M-X angle ranges from 104.30(5)° to
115.20(5)° in 4-pnZnBr, 106.08(10)° to 114.50(10)° in 4-pnZnl and from 104.36(6)° to
116.31(6)° in 4-pnCoBr. Due to the symmetry of the molecule, the two 4-pn organic
ligands adopt the same conformation.

Figure 3(b) and (c) illustrate the packing of complex molecules in structure
4-pnZnBr. When viewed along the b-direction, the molecules pack with the 1,8-naph-
talimide groups of neighboring molecules forming a stack, as shown in Figure 3(b). A
layered structure is formed, with the 1,8-naphthalimide groups forming a layer, and
the metal halide and pyridyl groups packing in a second layer, as shown in Figure 3(b)
and 3(c). Figure 3(b) reveals that the coordination complexes pack in a zig-zag man-
ner. Viewed down the b-axis, aromatic interactions zipper neighbouring molecules
together, resulting in a highly ordered molecular assembly as can be seen in Figure
3(b), with parallel aromatic ring planes. The perpendicular distance between the paral-
lel organic moieties is 3.622A in 4-pnZnBr, 3.646 A in 4-pnZnl, and 3.619A in 4-
pnCoBr indicating the presence of aromatic interactions between the aromatic groups,
as shown in Figure 3(d).
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Structure 4-pnHgl

Structure 4-pnHgl crystallizes in the monoclinic space group C2/c, with the complex
molecule comprising one Hg(ll) ion, to which two N-donor organic 4-pn ligands and
two iodido ligands are coordinated, as illustrated in Figure 1. The 4-pn ligand contain-
ing atom N(1) will be referred to as organic ligand 1, and the 4-pn ligand containing
atom N(3) will be denoted as organic ligand 2.

As shown in Figure 4(a), the complex displays a distorted tetrahedral geometry,
with Hg-l bond lengths of 2.6762(3) A and 2.6942(3) A, and two Hg-N bond lengths of
2.410(3) A. These bond lengths are longer than the corresponding bonds in struc-
tures 4-pnZnBr, 4-pnZnl, 4-pnCoCl and 4-pnCoBr due to the larger Hg(ll) ion and
larger I ions.

The coordination geometry around the metal ion is distorted from an ideal tetrahe-
dral geometry, as shown in Figure 4(a), with N-Hg-l angles ranging from 95.68(7)° to
100.15(7)°. The N-Hg-N and I-Hg-I angles have values of 118.76(10)° and 148.351(10)°
respectively. As a result of the two halves of the complex not being symmetry related,
the two 1,8-naphthalimide groups of the organic ligands do not display the same
orientation relative to the pyridyl group, with the 1,8-naphthalimide group in ligand 2
being more rotated relative to the plane of the pyridyl group compared with that in
ligand 1. The angle between the plane of the 1,8-naphthalimide group and the plane
of the pyridyl moiety connected to this group is 71.55° in ligand 1, whereas the corre-
sponding angle in ligand 2 is 83.45°. The difference in the conformations of the 4-pn
ligands, ligand 1 and ligand 2, is illustrated in Figure 4(b).
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Figure 4. (a) Complex molecules in 4-pnHgl. (b) Different 4-pn ligand conformations. Ligand 1
(top), ligand 2 (bottom). (c) Long centroid-to-centroid distances between the aromatic groups. (d)
Packing of 4-pnHgl viewed down the b-axis.
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The complex molecules stack in the b-direction, as illustrated in Figure 4(c), with
centroid-to-centroid distances in the stack equal to 4.760A, a distance which is too
long for aromatic interactions. The packing diagram of 4-pnHgl, viewed along the
b-axis, is shown in Figure 4(d), indicating a layered type packing, with the Hgl, portion
of the complex molecule forming the inorganic layer, and the 4-pn ligand the organic
layer.

Discussion of 4-pnMX structures

The five new crystal structures all contain complexes of the molecular formula [M(4-
pn),x,]l, however, three different structural types are formed by the members of the
series. The structure formed can be correlated with the sum of the ionic radii of the
metal ion and halido ligand. In the case of structure 4-pnCoCl, both the metal ion
and halido ligand are small, with a combined sum of radii of 2.39 A, and the structure
crystallizes in the space group Fdd2. For the isostructural structures 4-pnCoBr,
4-pnZnBr and 4-pnZnl, the sum of ionic radii equal 2.54 A, 2.56 A and 2.80 A respect-
ively, and these structures crystallize in space group Pbcn. Lastly, when the large Hg(ll)
ion and iodido ligand are combined with the 4-pn ligand in structure 4-pnHgl, the
sum of ionic radii of the metal ion and halido ligand is 3.16 A, and the structure crys-
tallizes in space group C2/c.

The conformations of the [M(4-pn),x,] complexes are compared in Figure 5. Even
though the same general conformation is exhibited, clear differences between the
conformations of the complexes are evident. The complexes in 4-pnCoBr, 4-pnZnBr,
4-pnZnl and 4-pnCoCl are symmetric, but this is not the case for 4-pnHgl. A distorted
tetrahedral geometry is displayed by all the metal centers, but with different degrees
of distortion. The complex 4-pnHgl shows a high degree of distortion, with a I-Hg-I
angle of 148.351(11) A since this larger angle ensures less steric hindrance between
the two large iodido ligands.

Because of the different conformations adopted by the complexes, different pack-
ing arrangements are exhibited, however, aromatic interactions play a prominent role
in the packing of all the complexes. Only weak CH...O and CH... X hydrogen bond-
ing interactions are present in all the complexes.

Figure 5. Overlay of complex molecules. 4-pnCoCl: green, 4-pnZnBr: blue (representative of
4-pnCoBr and 4-pnZnl), 4-pnHgl: red.
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It is interesting to note that, unlike the coordination complexes obtained from the
combination of the related ((3-pyridyl)methyl)-1,8-naphthalimide ligand with divalent
metal halides, which were found to all incorporate solvent molecules into their crystal
structures [17], none of the structures of the 4-pn containing complexes incorporated
solvent molecules, despite the fact that the two organic ligands only differ in the posi-
tion of the nitrogen atom on the pyridine ring by one.

Solid-state fluorescence studies

The solid-state fluorescence spectra of the organic ligand 4-pn and the 4-pnMX com-
plexes under investigation were studied. Table 3 lists the optimized excitation wave-
length for each complex as well as the emission wavelength(s). The fluorescence
spectra are shown in Figure 6.

As shown in Figure 6, the organic ligand, 4-pn, exhibits a broad emission band at
450 nm due to its structural rigidity and conjugated w-system, allowing for an efficient
n-i* transition [30]. When coordinated to a metal halide, charge transfer interactions
may occur between the organic ligand and the metal halide in the coordination com-
plex, resulting in a shift of the emission maximum relative to the uncoordinated

Table 3. Fluorescence excitation and emission wavelengths for the ligand, 4-pn, and 4-pnMX
complexes.

Fluorescence Fluorescence Shift of emission
excitation emission maximum from
Compound wavelength (nm) wavelength(nm) 4-pn ligand (nm)
4-pn 371 450 -
4-pnCoCl 335 418 32 (Blue shift)
4-pnCoBr 350 410 40 (Blue shift)
4-pnZnBr 368 454 4 (Red shift)
4-pnHgl 347 426 24 (Blue shift)
4-pnZnl 371 446, 419 4, 31 (Blue shift)
8,00E+06
4-pnZnBr
7,00E+06
—4-pn
E 6,00E+06
Qo 4-pnZnl
Z
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Figure 6. Solid-state fluorescence spectra of 4-pn and 4-pnMX.
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ligand [31]. The identity of the coordinated metal ion and the halido ligand may also
cause fluorescence quenching or enhancement.

Metal-to-ligand charge-transfer and ligand-to-metal charge-transfer transitions also
influence the emission intensities in coordination complexes [32]. Complexes that con-
tain “lighter” diamagnetic metal ions have been found to cause fluorescence enhance-
ment relative to the free ligand while complexes that have heavier diamagnetic ions
result in fluorescence quenching, due to the heavy-atom effect [18,32]. Furthermore,
complexes with paramagnetic ions show substantial quenching as compared to the
free ligand [18,32]. The nature of the halide ion also affects the fluorescence intensity
of the complex due to the heavy ion effect [33], with a bromide anion quenching
more than a chloride anion [34-36].

The fluorescence enhancement observed in the Zn(ll) complex, 4-pnZnBr, com-
pared to the parent ligand, 4-pn, seen in Figure 6, can be attributed to the presence
of the diamagnetic Zn(ll) ion causing extra rigidity in the complex, reducing the non-
radiative pathways and hence suppressing the loss of energy [37]. The fluorescence
guenching observed for the Co(ll) complexes, 4-pnCoCl and 4-pnCoBr, compared to
the parent ligand, 4-pn, observed in Figure 6, is due to the paramagnetic Co(ll) ion in
the complex. Upon excitation, ligand-to-metal-charge-transfer occurs, resulting in non-
radiative deactivation, hence quenching is observed [38]. The paramagnetic ion enhan-
ces inter-system crossing (from the singlet excited state to the triplet excited state)
leading to phosphorescence or non-radiative deactivation, hence fluorescence quench-
ing occurs [34]. The quenching of the emission of 4-pnZnl and 4-pnHgl can be
explained by the heavy ion effect, with the introduction of the iodide anion in both
complexes and the mercury metal centre in the latter [39]. The complex 4-pnZnl dis-
plays lower intensity than 4-pnZnBr and 4-pnCoBr displays more quenching than 4-
pnCoCl due to the heavier iodido ligand compared to the bromido ligand and the
heavier bromido ligand compared to the lighter chlorido ligand respectively [33,36,40].

Complexes 4-pnZnBr and 4-pnZnl show emission maxima at a similar wavelengths
to the 4-pn ligand, at 454nm and 446 nm respectively, indicating that the fluores-
cence arises purely from the n-r* transition within the ligand [41]. Complex 4-pnZnl,
however, exhibits an additional, lower intensity emission peak superimposed on the
main fluorescence peak, at 419nm, as can be seen in Figure 6, indicating dual fluores-
cence emission for this complex. Based on the shape of the emission peak of complex
4-pnZnBr, this second fluorescence peak may also be present for this compound,
however, is most likely hidden by the main fluorescence peak 454nm. It has been
reported in the literature that the 4-pn ligand exhibits dual fluorescence [12]. The
wavelength of the second peak observed for complex 4-pnZnl is similar to the emis-
sion wavelengths of the complexes 4-pnCoCl, 4-pnCoBr and 4-pnHgl which are blue-
shifted relative to the emission peak of the parent ligand, 4-pn.These complexes emit
at 418nm, 410nm and 426 nm respectively. The shift of emission to lower wave-
lengths for 4-pnCoCl, 4-pnCoBr and 4-pnHgl may be attributed to intermolecular
charge transfer between the metal ion and the organic ligand [31].

The solid-state fluorescence of the 4-pnMX complexes reported here may be com-
pared to the solid-state fluorescence reported for the family of ionic compounds com-
prised of N-(4-picolinium)-1,8-naphthalimide cations and tetrahalometallate anions
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reported previously [16]. In these ionic compounds, the N-(4-picolinium)-1,8-naphthali-
mide cation is the protonated version of the 4-pn molecule, and will be abbreviated
4-pnH, with the tetrahalometallate ([MX4]2") anions acting as counter ions. These ionic
compounds will be abbreviated 4-pnHMX, where M is the metal ion and X the halido
ligand. In addition, this study also reported the fluorescence of 4-pn molecule.
The study found that the fluorescence of the ionic compounds 4-pnHCoCl and
4-pnHCoBr was completely quenched due to the presence of the paramagnetic ion.
Fluorescence quenching, albeit not complete quenching, was also observed for the
4-pnCoCl and 4-pnCoBr complexes in the current study. The emission intensities of
both the 4-pnCoCl and 4-pnCoBr complexes studied in the current investigation were
higher compared to the related ionic compounds 4-pnHCoCl and 4-pnHCoBr,
reported in the literature, showing a higher emission intensity from the complexes
compared to the ionic compounds.

The 4-pnHZnCl and 4-pnHCdCI ionic compounds showed emission enhancement
relative to the 4-pn molecule, whereas the 4-pnHHgCl and 4-pnHZnBr ionic com-
pounds exhibited fluorescence quenching relative to that of 4-pn, but still showed sig-
nificant fluorescence emission [16]. In the current study, the 4-pnZnBr complex
showed emission enhancement relative to 4-pn. This means that the ionic compound
4-pnHZnBr [16] showed a lower emission intensity than the complex 4-pnZnBr
studied in the current investigation, indicating that in this case, again, the coordin-
ation complex exhibits higher fluorescence intensity than the related ionic compound.
This observation may be explained by the coordination complexes adopting stronger
electronic coupling between the metal center and the organic ligand, as well as
enhanced structural rigidity, compared to the ionic compounds, thus enhancing fluor-
escence emission.

The fluorescence wavelengths of the compounds 4-pnHZnCl, 4-pnHCdCI, 4-
pnHHgCl and 4pnHZnBr ranged from 451 nm to 458 nm, and were all clustered
around that of the 4-pn molecule at 454 nm, which is similar to what is observed for
the 4-pnZnBr and 4-pnZnl complexes in the current study, with respective emission
wavelengths of 454nm and to 446nm. The emission wavelength of complex 4-
pnZnBr, which emits at 454 nm, and the emission wavelength of the ionic compound
4-pnHZnBr, which emits at 458 nm, is similar, which indicates that both the ionic com-
pound and the complex containing the same metal halide component, emit at similar
wavelengths. In addition, comparison of the fluorescence results of the current study
and the literature study indicate that in the case of the compounds containing dia-
magnetic metal ions, both the ionic and coordination compounds emit at wavelengths
similar to that of the 4-pn molecule, indicating that the m-n* transition of the 4-pn
fluorophore dominates the emission process.

Conclusions

The fluorophore, N-((4-pyridyl)methyl)-1,8-naphthalimide, 4-pn, was successfully syn-
thesized, and incorporated into coordination complexes through the reaction with
metal halides. Five coordination complexes, of the formula [M(C;gH5,N50,);%5],
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containing 4-pn and different metal halide components, were structurally character-
ized and their solid-state fluorescence investigated.

Even though all the complex molecules show similar geometries, three different
structure types were observed, and it was found that the specific crystal structure
formed correlated with the sum of the ionic radii of the metal ion and halido ligand.
Of specific interest was the crystal habit of compound 4-pnCoCl, which crystallizes to
form long, flexible and bendable fibers.

It was also found that the coordination of the organic ligand to a
diamagnetic metal, such as a Zn(ll) ion may cause fluorescence enhancement relative
to the parent ligand, 4-pn, while the coordination of the organic ligand to heavy
metal ions (e.g. Hg(ll)) or paramagnetic ions (e.g. Co(ll)) resulted in significant quench-
ing of fluorescence emission. The nature of the halido ligand coordinated to the metal
centre also has an effect on the fluorescence intensity of the complex, with the iodido
ligand quenching the fluorescence emission more than the bromido ligand and the
bromido ligand, in turn, quenching more than the chlorido ligand. Thus, the
fluorescence intensity and wavelength of the complexes are influenced by the identity
of the metal ion and halido ligand comprising the complex. The identification of these
trends allows for the tweaking of the emission wavelength and intensity of the
complexes.

Compared to the ionic compounds prepared from 4-pn and metal halides, it was
found that the associated coordination complexes investigated in the current study
exhibit higher fluorescence intensities than the corresponding ionic compounds
reported in literature [16]. This important observation is ascribed to the increased
rigidity and stronger electronic coupling present in the coordination complexes.

The improved solid-state fluorescence of the coordination complexes, compared to
their ionic counterparts, spot them as potential candidates to a wide range of applica-
tions. The tunable fluorescence suggests that naphthalimide ligands, like 4-pn, are
responsive when coordinated to metal halides and they may have potential applica-
tions in metal ion detection and anion sensing. Specifically, as found in this study, 4-
pn shows strong fluorescence upon coordination with Zn(ll) halides, indicating its
potential for use as a sensor for these species. Future work will be conducted on the
stability of these complexes for practical applications.

CCDC 2430030-2430034 contains the supplementary crystallographic data for
structures. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/
conts/retrieving.html, or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (4+44) 1223-336-033; or e-mail: deposit@
ccdc.cam.ac.uk.
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