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ABSTRACT

2:1 condensation of 2-hydroxy naphthaldehyde with 1,3-diaminopropane have resulted symmetrical tet-

radentate NNOO Schiff base ligand namely N,N -bis(2-hydroxy-naphthaldimine)-2,3-diaminopropane
(napdap) and 1:1 mixing of this ligand with Zn(CIO),-6H,0 in THF yielded the complex (N,N -bis(2-hydroxy-
naphthaldimine)-2,3-diaminopropanato)zinc(ll) (1). Characterizations of the compounds have been carried
out by Elemental analyses, IR spectroscopy, Electro-spray ionization mass spectroscopy (ESI-MS), Thermal
analysis and conductivity measurements. Excited state and emission profiles of the compounds have been
investigated by UV-Vis absorbtion spectroscopy and steady state fluorescence spectroscopy techniques. Ver-
tical excitations of the compounds responsible for their emissions have been further probed by ab-inito time
dependent-density functional theory (TD-DFT) studies.
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06z

hidroksinaftaldehit ve 1,3-diaminopronanin 2:1 kondenzasyonu sonucu simetrik dortdisli NNOO Schiff bazi

liganti, N,N -bis(2-hidroksi-naftaldimin)-2,3-diaminopropan (napdap) ve ligantin Zn(ClO)-6H,0 ile THF
icerisinde 1:1 karistiriimasi ile (N,N -bis(2-hidroksi-naftaldimin)-2,3-diaminopropanato)cinko(ll) kompleksi (1)
sentezlendi. Bilesiklerin karakterizasyonlari Elementel analiz, IR spektroskopisi, Elektro-sprey iyonlasma kdtle
spektroskopisi (ESI-MS), Termik analiz and iletkenlik dlcimleri ile yapildi. Bilesiklerin uyariimis hal ve emisif
ozellikleri UV-Vis absorpsiyon spektroskopisi ve kararh hal floresans spektroskopisi teknikleri ile incelendi.
Bilesiklerin emisyonlarindan sorumlu dikey uyarilma gegisleri daha ayrintili olarak ab-initio zamana-bagli
yogunluk fonksiyonel teorisi calismalari ile incelendi.
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INTRODUCTION

he coordination chemistry of zinc as the

second most abundant trace metal afterironin
human or other mammals [1] has become a rapid
growing research area particularly with biological
aspects of the metal. As a result of its flexible
coordination geometry, fast ligand exchange,
Lewis acidity, intermediate polarizability, strong
binding to suitable sites, and its redox inactivity
within biological environments [2], zinc plays
diverse functional roles in many life-sustaining
biochemical processes including catalytic active
center of over 300 zinc containing enzymes,
structural co-factors, regulator of enzymes,
gene expression, DNA binding, neuronal signal
transmission, and key structural components of a
huge number of enzyme or non-enzyme proteins
[3-10] Other than these tightly bound type of
zinc, the existence of loosely bound mobile or
chelatable zinc has been also identified in diverse
locations in human body including brain, prostate,
intestine, pancreas, and spermatozoa [11-15].
Chelatable zinc takes part in many pathological
processes such as apoptosis, neuronal injury
in certain acute conditions, epilepsy, cerebral
ischemia, infantile diarrhea, and Alzheimer's
disease [16-23].

Studies based on tightly bound type of zinc
focus mostly on mimetics of the active sites of
biologically relevant enzymes such as carbonic
anhydrase, carboxy peptidase and liver alcohol
dehydrogenase [24] and these based on loosely
bound zinc are mainly consist of spectroscopic
biosensing of the metal. Among the methods to
detect chelatable zinc, the most powerful one
is fluorescence spectroscopy [25]. Because of
closed-shell d10 electronic configuration and
the absence of redox activity of the metal in
biological environments, common techniques like
UV-Vis, Méssbauer, NMR, EPR spectroscopy, and
magnetic measurements are ineffective whereas
zinc(ll) changes the fluorescence intensity of
organic fluorophore either by enhancement
or with quenching and thus, fluorescence
spectroscopy of the zinc (Il) complexes can
be studied effectively. Despite the fact that
many reports demonstrated the significance of
chelatable zinc in biological environments, the
action mechanisms of the metal are relatively less

known than those of other cations like Ca%*, Na*,
and K* [26]. Therefore, there is a renewed and
remarkable interest of research for chalatable
zinc in biological environments [27-29].

Schiff base metal complexes are excessively
studied due to their wide applications.Among

these large classes of compounds, metal
complexes of salen (N,N -bis(salicylidene)
ethylenediamine) or salophen (NN -

bis(salicylidene)phenylenediamine) ligands and
their derivatives are gaining increasing popularity
because of their unique catalytic activities on
broad range of chemical transformations [30-35],
their use as building blocks in supramolecular
chemistry [36,37], and in materials chemistry
[38]. Moreover, salen/salophen-zinc(ll) complexes
are additionally most challenging issue since the
above mentioned biological relevancy of the
metal [39-43]. In association with this subject,
salen/salophen-zinc(ll) complexes are known to
be efficient fluorescence emitters displayinglong
fluorescence life-time and high guantum vyield,
and hence, qualified asquite appealing candidates
for use in contemporary biosensory applications
for biologically relevant anions and molecules
[44-47], in the design of OLED materials [48,49]
and in fluorescence detection of nitro-based
chemical explosives [50-52]. Numerous papers
dealing with fluorescence applications of salen/
salophen templated zinc(ll) complexes have been
appeared [25,26,52,44-47, 53-56] in most of
which, complexation of non-emissive Schiff base
ligand with zinc(ll) resulted appreciably emissive
square-planar structure to which, coordination of
analytes also quenches the fluorescence mostly
through Photo-induced electron transfer (PET)
pathway. In the study reported herein, the salen
template was modified by replacing salicyladimine
and ethylenediamine moieties with 2-hydroxy
naphthaldimine and 2,3-diaminopropane
counterparts respectively. The complexation
of obtained emissive Schiff base ligand napdap
with zinc(ll), exhibited additional visible-region
fluorescence adding to the slight enhancement
of ligand based one. The origins and characters
of the excited states responsible for the
fluorescences have been further investigated by
guantum chemical TD-DFT calculations.



EXPERIMENTAL

Materials and Measurements

All reagents and solvents were purchased from
comercial suppliers and used as received unless
specified. Elemental analyses were performed
on a LECO CHNS-932 analyzer (USA). IR spectra
were recorded on a Bruker Vertex-80V ATR/
FT-IR spectrometer (GERMANY) in the region
4000-400 cm™ sampling as KBr pellets. UV-Vis
spectra were recorded on a Unicam UV2 UV-Vis
spectrometer (USA) within 200-800 nm range,
in THF medium. ESI-MS spectra were recorded
in methanol on anAB SCIEX QTRAP® 5500 LC/
MS/MS SYSTEM Mass spectrometer (USA):The
samples were dissolved in hypergrade methanol
stirring in a Banderin Sonorex ultrasonic bath and
infusion (continuous signal) method with a flow
rate of 5-20 um/min was used for mass scanning.
Fluorescence spectra were recorded in 320-600
nm range on a QuantaMasterTM 30 steady state
spectrofluorometer (ENGLAND). Conductivity
measurement were performed with a HACH
HQ40d portable multi-paramter meter using 10-4
M THF-acetonitril (2:1) solution. Thermal analysis
measurements were conducted in statical
air atmosphere by using a Shimadzu Thermal
Analyzer equipment with a DTG-60 detector
(JAPAN) in 10°C/sec. heating rate, within 20-
1000°C range and using 3-8 mg samples.

Fluorescence quantum yields (¢) of napdap
and 1 were estimated for their THF solutions by
a relative method using anthracene as reference
standard (ex=320 nm, ¢=0.27 in ethanol) [57].
The guantum yields of samples were calculated
using

_, LoD
¢ (DRIR OD n

Where | is integrated fluorescence intensity,
OD is the optical density (absorbance) at the
wavelength of exciting light, and nis the refractive
index of the medium [58]. The absorbance values
for the calculation of quantum vyields were
purposely chosen under 0.1 to eliminate inner
filter effects.
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Synthesis of N,N -bis(2-hydroxy-
naphthaldimine)-propane (napdap)
2-hdroxynaphthaldehyde (0.690 g, 4 mmol) was
dissolved in absolute ethanol and to this solution,
an ethanolic solution of 2,3-diaminopropane
(0.150 g, 2 mmol) was added and the mixture
was refluxed for 2 hours at 50°C. The resulting
bright yellow precipitate of the Schiff base was
filtered, washed with cold ethanol and dried in air.
Yield: 92%. Anal.calc.C =75.00%; H = 6.00%; N =
7.00%. Found C = 76.58%; H = 5.98%; N = 7.13%.
IR (KBr, cm™): 2955 as(C-H); 3027 as(C-Harom);
1627 (C=N); 1207 (C-Ophenol). ESI-MS (m/z):
382 (napdap+, %100)

Synthesis of 1

To the above prepared napdap (=2 mmol, 0.780
g) dissolved in THF, a solution of ZnCIO,-6H,0 (2
mmol, 0.770 g) in THF was added dropwise. After
a short while, resulting pale yellow precipitate of 1
was filtered, washed with cold THF, and analyzed.
Yield: 62%. Anal.Calc.C=64.51%; H=4.73%; N =
6.02%. Found C = 62.23%; H = 4.97%; N = 5.84%.
IR (KBr, cm™): 2921 as(C-H); 3048 as(C-Harom);
1606 (C=N);1359 (C-Ophenol).ESI-MS (m/z): 447
(H,1#*,100%), 110 (91,48%), 102 (10.24%). Thermal
analysis (TGA): (total weight loss calc. = 81.88%,
found = 82.54% relative to the mass of calculated
final product ZnO) (see thermal analysis plots of 1
in Figure 1in Supplementary data).

Computational Details

All calculatios were performed using GAUSSIAN
09 suit of programs running under Windows [59].
First input geometries of napdap and 1 for the
initial gas-phase geometry optimizations were
arbitrarily generated utilizing from experimental
data, and all subsequent calculations were
performed based on optimized geometries.
B3PLYP hybrid functional along with flexible
double zeta LANL2DZ basis set with ECP was used
for all calculations. Solvent media optimizations
were performed by simulating the medium
with PCM solvation model [60,61]. PCM/TD-DFT
calculation was performed for the first singlet
70 vertical excitations. The calculated transitions
were assumed to take place between ground state
Kohn-Sham molecular orbitals (MO) to predict the

453



454

S. Demir / Hacettepe J. Biol. & Chem., 2016, 44 (4), 451-461

Intensity
2 £ £ 2 2 % 8 28 8 %83 3 £ 8 8% 8 8% % 3 3 %8 3 & %4

A il i ), N

%/ N Ly
A\ /\a/N N\o/\ /g/\ "

o~ (A
e
m/z= 447 g/mol

\
® %o o £3 £3 o E9 = %

Figure 1. ESI-mass spectrum of 1 monitored m/z=60-450 range.

assigments and characters of the experimental
transitions. Molecular orbital contributions (MOC)
were computed by using GausSum 2.2.5 software
[62]. Simulation of calculated spectra were made
by using SWIZARD program [63,64].

RESULTS AND DISCUSSION

ESI-Mass Spectroscopy

In addition to the matching of IR, Elementel
analysis and conductivity measurements data
for the proposed structure of 1, ESI-Mass
spectroscopic data shows more obviously the
formation of 1 with the most abundant peak at
m/z = 447 g/mol in mass spectrum of 1in Figure
1 (see the chromatogram and mass spectrum
of napdap in Figure 2 in Supplementary data).
The peak at m/z = 447 g/mol is related to the
protonated form of 1 (H,1#) in solution, Since
ESI-mass spectra were recorded in positive ion
mode and in this mode, charging of the sample
occurs preferably by proton transfer to the
complex (keeping the spraying nozzle at positive
potential) [65]. Furthermore, molar conductance
data (A = 100 s:cm?/mol), the entire absences
of perchlorate signals related to IR and mass
spectra, thermal analysis and elemental analyses
data clearly verify the neutral deprotonated form
of 1(see IR spectra of napdap and 1in Figure 3 and
S4 respectively in supplementary data). The peak
at m/z =110 g/mol is related to unassigned partial
fragmentation product of 1. The strongest peak
corresponding to H,1?* indicates that 1 remains

intact towards fragmentation during ionization
process.

Ground State Structures of Compounds
Gas-phase optimized geometry of napdap with
Cs symmetry and that of 1 with C2V symmetry
are given in Figure 2. MOC from central ion,
naphthalene rings, azomethine moities oxygen
donors in 1 and hydroxyl groups in napdap are
given in Table 1. The values in the table are
the sum of symmetry related moieties of the
complex. As inferred from the table, almost
non of contribution from zinc (Il) to the frontier
molecular orbitals (FMOs) is calculated. HOMO-
' with HOMO-2 and LUMO+2 with LUMO+3 are
identical among each other with the same energy
and the same amount of contributions from
the groups. It is also noteworthy that the large
contributions to the LUMO and LUMO+2 from
small azomethine groups and no contribution
from propylene moiety to all FMOS are involved
(see convoluted spectrum of 1 indicating relative
contributions of the groups of interest in
Figure 5 in Supplementary data). In free ligand,
both low lying virtual and occupied molecular
orbitals (HOMO-HOMO™ and LUMO-LUMO+1) are
additionally degenerated among each other as
seen in Table 1. As compared in Figure 3, FMOs in
1 are more delocalized than these in napdap as a
result of coordination to zinc (ll) ion despite both
compounds are in planar conformation.
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Figure 2. Optimized geometries of napdap (bottom) and 1 (top).

Table 1. MOC of selected MOs from molecular moieties in napdap and 1.

MO H H! H-2 H-3 L
Molecule napdap 1 napdap 1 napdap 1 napdap 1 napdap
E(eV) -5.85 -5.37 -5.87 -5.57 -6.53 -6.19 -6.53 -6.21 1.88 1
Moiety
Zn - 0 3 0 0
Naph 76 64 78 68 90 92 90 92 58
Azomet. 12 14 12 14 0 2 0 2 38
Propyl. 0 0 0 0 0 0 0 0 0
Oxy. 20 16 6 6
Hydrox. 10 - 10 8 8 4

HOMO,,,p40p

Q.

9
Lumo,

Figure 3. FMOs of napdap and 1 with 0.02 isovalues.
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Figure 4. Overlaid absorption profiles of napdap (solid line) and 1 (dashed line).
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Figure 5. Calculated (oscillator strengths) and experimental (curve) spectra of 1.

Excited States, Emission Spectra and TD-DFT
Calculation

An overlays of absorbtion profiles of napdap
and 1 is shown in Figure 4. Upon complexation
with zinc(Il), not a strict changes in energy were
observed though accompanying increment
in absorbances as can be seen from Figure 4.
This result indicates that the naphthalene and
azomethine n—r* transitions of napdap are in
principle metal-independent.

In the superimposed calculated and experimental
spectra of 1in Figure 5, most of the transitions
of larger oscillator strengths are populated
in the middle-UV region of the spectrum
and are completely naphthalene-centered
transitions in character. Tables 2 and 3 show the
excitation parameters of important calculated
and experimental transitions in napdap and 1
respectively.
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Table 2. Important excited state parameters of 1.

(nm)
State Transition f AE(eV) 0— Vv(%Cont.) AChgracter/t
Expl. calc. ssignmen
3A ASTAT 362 357 03096  3.47 H15L(65%) ILCT/(naph-
n—naph/
H—L+2(16%) azomet.-*)
7A" AN STA™ 317 313 02723 396 H-2-5L(63%) ILCT/(naph-
n—naph/
H-3—-L+1(22%) azomet.-t*)
AT ASIATE 260 262 04581 473 HoL+4(51%) ILCT/naph-
n—naph-n*)
19AT AAT - 250 04167 497 HoL+4(32%) ILCT/tnaph-
n—naph-m*)
ILCT/(naph-
H-6—-L(21%) n—naph/
azomet.-n*)
21A" TAISTAT 237 244 03780  5.09 H15L+5(44%) ILCT/(naph-
H-6>L(34%) n—naph-r*)
25ATANIA 234 05788 5.3 H-2->L+2(46%) ILCT/naph-
n—naph-n*)

Table 3. Important excited state parameters of napdap.

(nm)

State  Transition f AE(eV) 0> V(%Cont.) /fh‘?rader/t
Expl. Calc. ssignmen

TA1 'A2—'B1* 378 342 0.3913 3.62 H—L(61%) ILCT/(naph-
n—naph/

H'—L+1(22%) azomet.-n*)

2'Al A1-'B1* - 337 0.1291 3.67 H'—=L(43%) ILCT/(naph-
n—naph/

H—-L+1(38%) azomet.-nt*)

5'B2 A2—'B1* 310 304 0.1820 4.07 H-3-5L(41%) ILCT/(naph-
n—naph/

H-25L+1(36%) azomet.-7*)

14'Al B1—>'B1* 260 253 0.1459 491 H-3—L+2(17%) ILCT/(naph-

n—naph-m*)

H-25L+3(16%) ILCT/(naph-

n—naph-n*)

19'B2 A2—'B1* 239 1.0312 5.20 H-6—-L(43%) ILCT/(naph/

azomet.-n—naph/
H-7-L+1(24%) azomet.-mt*)
25'B2 TA2—>'B1* - 222 0.8091 5.57 H-2—-1+2(23%) ILCT/(naph-

H-3-L+3(19%) n—naph-m*)
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Figure 6. Calculated (oscillator strengths) and experimental (curve) spectra of napdap

Most of the observed transitions fairly coincide
with the calculated ones in far-UV region of the
spectrum in 1 and are succesfully assigned while
in case of napdap, the observed and calculated
transitions are incompatible as seen in Table 3
and in superimposed spectra of napdap in Figure
6. Thus, assignments of the observed transitions
were made by utilizing from that of 1. All transitions
both in napdap and 1 designated with an Intra-
ligand charge transfer (ILCT) configuration and
as expected, none of transitions originating from
metal-centered, metal-to-ligand or ligand-to-
metal, charge transfer states in 1 were observed
sinceZn(ll)ionisresistanttooxidationorreduction
with its stable d10 electronic configuration. The
designations of the observed transitions in Tables
2 and 3 were made by considering the transitions
with the highest contributions.

The smoothed emission spectra of napdap
and 1 together with steady-state excitation
maximum is given in Figure 7 (see original spectra
in Figure 6 in Supplementary data). On account
of observed small Stokes shifts of napdap and
1, highly diluted solutions (10® M) were used for
the fluorescence spectra to prevent from liable
concentration quenching. Upon excitation at 316
nm, two distinct emission maxima at 356 nm and
443 nm were observed in 1 while only one peak
in napdap was observed at the same wavelength
with that of 1. This cleary shows that incorporation

of zinc(ll) into the free ligand generates additional
free ligand-independent 443 nm fluorescence
and, the higher energy fluorescence is strictly
inassociated with metal ion. It is clear that the
more the delocalization throughout the molecule
with strong planarity gained by the complexation
and the higher the absorbtion and emissive
responses. On the other hand, the low quantum
yield of napdap (¢napdap = 0.0049) is improved
much less than expected by the incorporation
of Zn(l) (¢1 = 0.0091). This is most likely due to
unforseeable excimer formation which give gives
rise to lowering quantum efficiency of molecule.
Since the lower energy and broader 443 nm
emission most probably originates from eximer
species.

In association with the fluorescence
emissions, the absorption maxima at 310 and 317
nm in the spectra of napdap and 1 respectively
consist mainly of two components as seen in
Tables 2 and 3. In napdap, 51B2 state to which 310
nm excitation was assigned is mainly composed of
almost equal contributions from HOMO-3—LUMO
(41%) and HOMO-2—LUMO+1 (36%) transitions.
These transitions take place between completely
degenerated MOs (see Table 1) and thus, 51B2
state is in principle a doubly degenerated excited
state (AEHOMO-3-HOMO-2= 0.00 eV, AELUMO-
LUMO+1= 0.01 eV for napdap). In case of 1, 317 nm
excitation is assigned to 71A" state and comprise
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Figure 7. Smoothed emission spectra of napdap (violet) and 1 (red).
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Figure 8. Schematized transitions of 71A" state in 1 (= and # remarks denote near to degeneracy and non-degeneracy of

MOs respectively).

much larger contribution from HOMO-2—LUMO
transition (63%) and in transition from napdap to 1,
the degeneracy in this state is disappeared to some
extent (AEHOMO-3-HOMO-2= 0.02 eV, AELUMO-
LUMO+1= 0.12 eV for 1). Based upon this change,
one may say that 71A" statein1is a two-component
non-degenerate excited state in contrary to that in
napdap as demonstrated in Figure 8. As a result, It
is thought that the lower intensity 443 nm excimer
emission in 1is related to the radiative decay of the
additional ILCT manifolds of the excited 71A" state
that are otherwise absent owing to degeneracy in
case of napdap.

CONCLUSIONS

Using 2-hydroxynaphthaldehyde and
1,3-diaminopropane  prescursors, a salen
templated NNOO tetradentate Schiff base

and corresponding zinc(ll) complex have been
prepared and characterized by elementel
analyses, ESI-mass spectroscopy, FT-IR and
conductivity measurements. Excitation and
emission properties of the compounds have been
studied by UV-Vis absorption and steady state
fluorescence spectroscopy technigues. Emission
measurements have shown that free ligand
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napdap fluoresces with a maximum at 346 nm
and its complexation with zinc(ll) strengthened
346 nm ligand-based emission produced a new
443 nm fluorescence which is strictly associated
with unexpected excimer formation though the
emisson measurements were made by using polar
solvent. This unfavourable phenomenon probably
is reinforced by large planar naphthaldimine
moieties. Following a theoretical overview, TD-
DFT calculations have suggested that the origin
of this low intensity excimer fluorescence comes
from ILCT transitions of non-degenerate 71A"
state.

As apart from the main scope of this study,
it is possible and more rational that a significant
improvement of the fluorescence quantum
yields by making further explorations such as
substitutions with proper bulky and solubility-
increasing groups which lead to increasing and
removal of excimer formation.
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