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Abstract: The solvothermal reaction of Zn(NOs),-4H,0, 1-OH-2-naphthaldehyde, and 2-methylalanine
(mAla) in MeOH leads to the formation of complex {[ZnL1]},, (1) (H,L; = the Schiff-base resulting
from the reaction of 1-OH-2-naphthaldehyde and mAla) in good yields. The structure of the neutral
species, as determined by single-crystal crystallography, describes a two-dimensional coordination
polymer, with repeating {Zn;} units bridged by syn, anti-carboxylate groups of the Schiff-base ligands.
Repeating the same reaction using glycine (gly) instead of mAla leads to the formation of complex
{[ZnL,]-0.33MeOH}3, (2.0.33MeOH) (H,L; = the Schiff-base resulting from the reaction of 1-OH-2-
naphthaldehyde and gly), again in good yields. Complex 2 describes a three-dimensional coordination

polymer based on {Zn,} building blocks, arranged by anti, anti-carboxylate groups in a 3D motif.

check for

updates Complexes 1 and 2 were found to strongly emit at ~435 nm (Aexc = 317 nm) both in solution and solid

Citation: Karakousi, R; Toami, PA; state, with complex 2 displaying a slightly longer lifetime of Tay = 2.45 ns vs. Tay = 2.02 ns for 1.

Spanoudaki, M.-A.I; Dalgarno, S.J.;
Papadimitriou, V.C.; Milios, C.].
Blue-Emitting 2D- and 3D-Zinc
Coordination Polymers Based on
Schiff-Base Amino Acid Ligands.
Chemistry 2023, 5, 1770-1780.

Keywords: Zn coordination polymers; 2D; 3D; amino acid ligands; Schiff-base ligands; crystal
structure; fluorescence; fluorescence lifetimes

https://doi.org/10.3390/
chemistry5030121

Academic Editors: Zoi Lada and

Konstantis Konidaris

Received: 5 July 2023
Revised: 6 August 2023
Accepted: 7 August 2023
Published: 9 August 2023

1. Introduction

Over the past three decades, since their deliberately targeted synthesis by Professor
R. Robson in 1989 [1], metal-organic frameworks (MOFs) have dominated the scientific
field of coordination polymers as a captivating emerging class of materials, combining
the fields of inorganic and organic chemistry [2,3]. These three-dimensional crystalline
coordination polymers have attracted attention due to their exceptional chemical properties,
arising from the elegant way of assembling the metal ions or cluster-based building units
with suitable organic ligands that act as linkers/bridges. Such species allow for fine-
tuning the surface chemistry and customizing the pore size, maximizing the selectivity in
adsorption processes. MOFs, due to their unique structure, present outstanding chemical,
thermal, and mechanical stability [4], making them highly desirable for a diverse range
of applications such as drug delivery [5], biomolecule encapsulation [6], gas storage and

Copyright: © 2023 by the authors.

Licensee MDPL, Basel, Switzerland,  S€paration [7], catalysis and photocatalysis [8], sensing [9], and magnetic properties [10],

paving new pathways for advancements in medical and technological applications [11].

The formation, as well as the identity of such polymeric materials, is based on many
synthetic parameters affecting the reaction conditions, e.g., reaction time, presence of base
and/or auxiliary ligands, and pressure/temperature. However, selecting the crystallization
conditions is of great importance since, in many cases, it enables controlling the identity of
40/). the isolated products (i.e., kinetic vs. thermodynamic products) [12,13].
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Up until now, a wide range of metal ions have been employed for the synthesis of such
unique coordination polymers [14], with the most commonly employed being zinc, a 3d'°
transition metal ion. The main reasons for that are: (1) zinc is a highly abundant element in
the earth’s crust [15], and, as such, it is readily available, ensuring a sustainable supply;
and (2) zinc-based starting materials/salts are relatively low-cost [16], thus enhancing the
economic feasibility of manufacturing zinc-based MOFs. Furthermore, the low-toxicity
of zinc compounds [17-19] is of paramount importance in the context of MOFs’ potential
biomedical and environmental applications.

Luminescent MOFs are a highly significant sub-class of 3D coordination polymers,
since they hold great value as chemical sensors upon combining the porosity of a specific
MOF and/or its selectivity towards a guest molecule, along with their inherent luminescent
properties [20]. This is particularly crucial since the luminescence characteristics of such
MOFs may be potentially modified when exposed to the guest molecule, even in small
traces, triggering the sensing sequence. Furthermore, in most cases the emission of the
MOFs stems from the organic linker/bridge chromophore; as such, the search for suitable
organic chromophore ligands that may promote the formation of 3D coordination poly-
mers is of great importance. With this in mind, we herein report the synthesis and full
characterization of two new Zn coordination polymers based upon the Schiff-base ligands
H,L; and H,L, (Figure 1).

OH ‘?\ OH
M/\”/
o]
OoH

H,L,

Ly L,

Figure 1. The HyL1 and H,L, ligands reported in this work and their coordination modes in 1 and
2, respectively.

2. Materials and Methods

All chemicals were obtained from commercial suppliers (Sigma-Aldrich, Athens,
Greece) and were used without further purification/treatment.

{[ZnL1]}2n (complex 1):

Zn(NOs),-4H,0 (0.130 g, 0.5 mmol), 2-OH-1-napthaldehyde (0.172 g, 1 mmol), and
2-aminoisobutyric acid (0.103 g.; 1 mmol) were heated in Teflon-lined autoclaves with
15 mL MeOH at 120 °C for 12 h. Upon slowly cooling to room temperature, yellow-gold
crystals were formed and collected by filtration. Elemental analysis (%) calculated for
Ci5H13NO3Zn (1): C, 56.18; H, 4.09; N, 4.37. Found: C, 56.09; H, 3.97; and N, 4.41. Yield
~40%. FT-ATIR (cm™!): 1625s, 1574vs, 1544s, 1500m, 1462vs, 1404vs, 1331s, 1296s, 1174vs,
1149s, 833vs, 737vs, and 514vs.
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{[ZnL;]-0.33MeOH}3,, (complex 2.0.33MeOH):

Complex 2 was synthesized in an analogous manner to 1, upon using glycine instead
of 2-aminoisobutyric acid. Elemental analysis (%) calculated for C13H9NO3Zn (2): C, 53.36;
H, 3.10; and N, 4.79. Found: C, 53.42; H, 2.98; and N, 4.71. Yield ~40%. FT-ATIR (cm~1'):
1622vs, 1602vs, 1573vs, 1542vs, 1510m, 1457s, 1421vs, 1389s, 1327s, 1291vs, 1234s, 1188m,
1166s, 1149w, 1087m, 955s, 841vs, 759s, 746vs, 562s, and 460vs.

2.1. Characterization

Elemental analyses (C, H, and N) were performed by the University of Ioannina
microanalysis service. Powder XRD data were collected on freshly prepared samples of
1 and 2 on a PANanalytical X'Pert Pro MPD diffractometer (UoC). FTIR—ATR spectra
were recorded on a PerkinElmer FTIR Spectrum BX spectrometer (UoC). Solution UV-
Vis spectra were recorded on a double beam Hitachi U-2100 UV-Vis spectrophotometer
(UoC). Solid-state and solution fluorescence spectra and lifetimes were determined on a
photoluminescence (PL) Edinburgh Instrument FS5 Steady State Spectrometer (UoC). For
solution fluorescence spectra, a JASCO FP-8300 spectrofluorometer was also utilized (UoC).

2.2. X-ray Diffraction

Single-crystal X-ray diffraction data were collected on a Bruker D8 VENTURE diffrac-
tometer (University of Crete) equipped with a PHOTION II CPAD detector. Data collection
parameters and structure solution and refinement details are listed in Table 1. Full details
can be found in the CIF files with CCDC reference numbers 2270710 and 2270711, for 1 and
2, respectively.

Table 1. Crystal data and structure refinement for complexes 1 and 2.

1

2

Empirical formula

C15H13NO3ZI’1

C13.33H10-33NO3.33Zn

Formula weight 320.63 303.17
Temperature/K 210 210
Crystal system Moniclinic Trigonal
Space group P2;/c R-3

a/A 14.5062 (3) 26.7293 (3)
b/A 9.6958 (2) 26.7293 (3)
c/A 9.7987 (2) 8.5248 (2)
w/°

B/° 107.697 (1)

v/° 120
Volume /A3 1312.96 (5) 5274.61 (17)
V4 4 18

Ocale g/cm3 1.622 1.718
#/mm~! 2.660 2.962
F(000) 656.0 2771.0

Crystal size/ mm?3

0.32 x 0.30 x 0.24

0.28 x 0.22 x 0.20

Radiation

CuKa (A = 1.54178)

CuKa (A = 1.54178)

20 range for data collection/°

11.148 to 139.594

6.614 to 139.834

Index ranges

-17<h<17,-11 <k <11,
-11<1<11

—31<h<32,-31<k<20,
-10<1<10

Reflections collected

14,311

7111

Independent reflections

2464

2214
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Table 1. Cont.

1 2
Data/restraints/parameters 2464/0/183 2214/0/163
Goodness-of-fit on F2 1.062 1.051
Final R indexes (I > 20 (1)) R; =0.0219, wR; = 0.0580 R; =0.0243, wR; = 0.0603
Final R indexes (all data) Ry =0.0233, wR;, = 0.0592 R; =0.0278, wR, = 0.0626
Largest diff. peak/hole/e A—3 0.31/-0.26 0.27/-0.30

3. Results and Discussion
3.1. Synthesis and Crystal Structures

The 1:2:2 solvothermal reaction of Zn(NO3);03),-4H4H,0, 1-OH-2-naphthaldehyde,
and mAla in MeOH forms complex {[ZnL4]},, (1) in good yields. With the structure of
complex 1 established via single-crystal X-ray crystallography (vide infra) we investigated
various synthetic parameters as a means of modifying the identity of the complex. However,
upon changing the metal to ligand ratio, in the presence/absence of various bases (i.e.,
NEt3, CH30Na), and using various zinc salts (i.e., ZnSO4 and Zn(OAc),.2H,0) we were
not able to isolate any crystalline material different to 1, as evidenced by pXRD compari-
son. Furthermore, all attempts to isolate any crystalline material upon normal laboratory
conditions (i.e., aerobic conditions at room temperature) proved fruitless, since, in all cases,
a sticky yellowish slurry was formed upon slow evaporation of the solvent [21].

Our next goal was to investigate whether the nature of the Schiff-base formed in
situ could affect the identity and/or the dimensionality of the product; therefore, we
employed the amino acid gly instead of mAla, and from the analogous solvothermal reaction
of Zn(NO3),03),-4H4H,0, 1-OH-2-naphthaldehyde, and gly in MeOH we were able to
isolate complex {[ZnL,]-0.33MeOH}3, (2.0.33MeOH) in good yields. To our great surprise,
complex 2 describes a 3D-coordination polymer as was established by single-crystal X-ray
crystallography (vide infra), thus establishing the leading role of the Schiff-base in dictating
the dimensionality of the products. Furthermore, given that the two Schiff-base ligands,
HyL; and Hy Ly, differ only in the nature of amino acid employed, mAla in 1 vs. gly in 2, it
becomes apparent that the change from 2D to 3D (from 1 to 2) should be attributed in the
nature/structure/properties of the amino acid ligand employed. Given that both amino
acid ligands display very similar pKa values (2.36 and 2.35, for mAla and gly, respectively),
we may safely assume that the acidity of the amino acid ligand does not hold a pivotal
role in dictating the dimensionality of the products, suggesting that other factors, i.e., steric
hindrance, may govern the formation of the products.

Single-crystal X-ray diffraction studies of 1 reveal that complex 1 crystallizes in the
centrosymmetric monoclinic space group P2;/c (Figure 2). Its asymmetric unit (ASU)
contains one crystallographically independent zinc centre bound to one dianionic L;2~
ligand. Each L;?~ ligand adopts a 7%: 7': 5': 5': u3 coordination mode, forming a six-
member chelate ring around each metal centre, while bridging to two neighboring Zn
centres via the alkoxide group and one Ocarboxylate atom. Furthermore, the carboxylate
unit of the amino acid part of the L1~ ligands adopts a syn, anti- 5': ': u coordination
mode, bridging two Zn metal ions at ~5.59 A. Each Zn! ion displays a slightly distorted
square-pyramidal {O4N} geometry (T = 0.31) [22]. Alternatively, the structure may be
described as consisting of {Zn; (L1%7),} dimers, in which the metal atoms are connected
through the p-Ogjoxide groups of the L2~ ligands. The Zn - - - Zn distance within each
dimer is ~3.17 A, while neighboring {Zn,} are located at ~5.59 A linked via the syn, anti- ':
n': u carboxylate groups of the L%~ ligands.

The overall packing of the 1 describes a 2D layered-based network (Figure 3), in
which neighboring 2D layers are stacked at a distance of ~14.5 A (closest Zn'*-Zn distance),
stabilized via inter-layer C-H ... 7t interactions, at ~3.73 A.
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Figure 2. The crystal structure of 1 viewed on the bc plane, highlighting the formation of {Zn;} units.
Colour code: Zn!! = yellow; O = red; N = blue; and C = grey. H-atoms are omitted for clarity.

Figure 3. The crystal packing of 1 viewed on the ab plane. Different layers are depicted in different
colours. H-atoms are omitted for clarity.

Complex 2 crystallizes in the trigonal space group R-3, forming a 3D framework
(Figure 4). Its ASU contains one crystallographically independent zinc centre bound to
one dianionic 1,2~ ligand found in a 72: 5': #': #!: u3 coordination mode, forming a
six-member chelate ring around each metal centre, while bridging to two neighboring
Zn centres via the alkoxide group and one Ogarpoxylate atom, as observed for L% in 1.
However, the carboxylate unit of the amino acid part of the L1~ ligands now adopts
a anti, anti- n': y': p coordination mode vs. the syn, anti- n': #': u mode found in 1,
which we believe is the main reason for the different dimensionality between 1 and 2.
Again, as in 1, the zinc ions are five-coordinate, but now are found in a severely distorted
(T = 0.46) square-pyramidal {O4N} environment. In the extended structure of 2, cylindrical
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channels are running along the ¢ axis, formed by the aromatic rings of L,?, resulting in a
solvent-accessible volume of ~531 A® per unit cell (~10.1% of the unit cell volume).

Figure 4. The crystal structure of 2 viewed down the c axis (top), its extended structure (middle)
and the channels running down c axis (bottom). Colour code: the same as in Figure 2. H-atoms are
omitted for clarity.
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As in 1, {Zny(L,y2"),} dimers are present in the structure serving as building units,
in which the metal atoms are linked via the y-Ogpioxide groups of the L2~ ligands. The
Zn - -+ Zn distance within each dimer is ~3.15 A, while neighboring {Zn,} are located
at ~5.64 A linked via the anti, anti- n': y': u carboxylate groups of the L,?>~ ligands.
However, a comparison between the {Zn;} building units in 1 and 2 reveals that, although
the {Zny(OR),} metallic core of each dimer is planar in both cases, the relative orientation of
the planar aromatic rings with the respect to the {Zn,(Og),} plane differs; more specifically,
in 1 the angle between the naphthalene aromatic ring and the {Zn,(Og),} plane is 21.7°,
while in 2 the angle was found ~40.6°.

3.2. Optical Properties

Figure 5 shows the UV-Vis spectra recorded for methanolic solutions of complexes 1
and 2, between 200 and 425 nm. The purity of the samples was verified by means of pXRD
comparison to their theoretical patterns (Figure S2).

61 —— Complex 1
4 —— Complex 2

Absorbance

4 IIIIIIIIIIIIIIIIIIIIIIII[IIIIIIIIIIIIIIIIIII

200 225 250 275 300 325 350 375 400 425
Wavelength (nm)

Figure 5. UV-Vis absorption spectra recorded for complexes 1 and 2.

Three main bands (metal-to-ligand charge transfer, MLCT) are observed for both
complexes, with peak maxima at 238 (b1), 317 (b;), and 380 (b3) nm, among which the band
at 238 nm was found to be the strongest. In addition, vibrational structure was observed in
all the absorption bands, that was identical in shape and wavelength positioning for both
complexes. Furthermore, the similar features of the UV-Vis absorption spectra reveal the
presence of the same chromophore in the species, as expected from their crystal structures.
The only significant difference between the UV-Vis absorption spectra of complexes 1 and 2
lies on the reversed trend in absorbance relative intensity between bands b, and b3, with by
being stronger for complex 1 and weaker for complex 2. The UV-Vis absorption spectra
recorded for the two pretreated solutions of the complexes were utilized to measure the
fluorescence spectra of the complexes. In particular, the fluorescence spectra of solutions
1 and 2 were measured at excitation wavelengths, for which the absorbance values were
equal for the two complexes, i.e., 229, 273, and 325 nm. Note that the solution fluorescence
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spectra for the two complexes were also recorded at the b, maximum absorbance, 317 nm,
as well as their excitation spectra using Aem = 441 nm (Figure S3). In Figure 6 the solution
steady-state fluorescence spectra of 1 and 2 are displayed, using as excitation energy the
three wavelengths at which complexes 1 and 2 absorb equally.

Aexec =229 nm

1.0 —— Complex 1

—— Complex 2

Aexec =273 nm

Normalized Intensity

TR
LI I LI I B | I LI B B | I LI B | I LI B I | I LI B I | I 11T I

400 425 450 475 500 525 550 575 600
Wavelength (nm)

Figure 6. Solution normalized fluorescence spectra of complexes 1 and 2, recorded with excitation
wavelengths 229, 273, and 325 nm, at which UV-Vis absorbance values for the two species were
measured to be equal.

Although shape-wise the fluorescence spectra of the two complexes are very similar, a
slight, but systematic red-shift of the fluorescence maximum intensity was observed, in the
case of complex 2, with Aj max and Ay max to be at 442 and 445 nm, respectively. Further, the
~15% lower fluorescence intensity observed for complex 2, at the three different excitation
wavelengths where the absorbance was equal, indicates that for complex 1 the fluorescence
probability is higher, in excellent agreement with its smaller fluorescence lifetime (vide
infra). Figure 7 shows the solid-state fluorescence spectra recorded at excitation wavelength
Aexc = 317 nm, for 1 and 2; again, the two fluorescence spectra are very similar, and present
great similarity to those in solution. However, in the solid-state the intensity maxima
occur at shorter wavelengths, ~435 nm, as anticipated since the effect of solvent relaxation,
i.e., solvent molecules reorientation around the excited-state dipole, effectively lowers the
energy and shifts the fluorescence to longer wavelengths.

The solid-state fluorescence of 1-OH-2-naphthaldehyde was also recorded for compar-
ison purposes (Figure S4) using 317 nm as excitation wavelength, and it can be observed
that its maximum fluorescence signal, Amax = 451 nm, is substantially blue-shifted, ~16 nm,
in 1 and 2. Finally, solid-state fluorescence lifetimes for 1 and 2 were also measured using
the output of a pulsed picosecond diode laser (375 = 10 nm) as excitation wavelength
and are presented in Figure 8. The fluorescence decay was fitted to a double-exponential
kinetic expression, yielding two decay times for each complex, in consistence with multiple
conformational states for each complex [23].
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Figure 7. Solid-state normalized fluorescence spectra of complexes 1 and 2 recorded with excitation

wavelength, Aexc = 317 nm.

1
1% —— Complex 1
0.1 5 —— Complex 2
© .
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Figure 8. Fluorescence decays of complex 1 (light grey solid circles) and 2 for solid-state (yellow solid
triangles), stimulated by the output of a pulsed picosecond diode laser (375 nm). The solid lines
represent fit of the data (see the text for details).
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The fluorescence temporal profiles were fitted to a double exponential decay presented
in Equation (1):

F(t) = Yo +a; X exp[—(t — tg)/T1] + ax x exp[—(t — to)/T>] 1)

where F(t) is the temporal fluorescence signal, 71 and 7, are the two decay times, fj is the
zero-time where decay begins, and a; and a, are the normalized weighted contributions
of the two decay times. For complex 1, 71 and 7, were determined to be 0.36 and 3.59 ns,
respectively, with an average time T,y = 2.0 ns. The relative contribution of the fast decay
to the fluorescence decay was 90%, while the contribution of the slow decay amounted
for 10%. For complex 2, the fast decay was substantially slower compared to complex 1,
71 = 0.62 ns, while the slow decay was similar 75 = 3.42 ns. The latter led to a larger average
lifetime for 2, T,y = 2.45 ns (Table 2). As far as the contribution of the two decays in 2 is
concerned, significant differences compared to 1 were observed, with the fast and the slow
decays contributing for 75 and 25%, respectively. The observed slower fluorescence and the
larger contribution of the slow decay in complex 2 are both consistent with the increased
dimensionality in the structure of 2 (3-D) compared to the structure of 1 (2-D).

Table 2. Decay times and weighted contributions for 1 and 2.

Complexes a1 71 (ns) a T5 (ns) Tav (nS)
1 0.904 0.36 0.096 3.59 2.02
2 0.747 0.62 0.253 3.42 2.45

4. Conclusions

In conclusion, in this work we present the synthesis, characterization, and fluorescence
properties of two Zn coordination polymers, based upon the use of amino acid Schiff-base
ligands. More specifically, we were able to isolate complex {[ZnL1]}»n (1), which describes
a 2D coordination polymer, while upon replacing the metahylalanine amino acid ligand
with glycine we were able to isolate complex {[ZnL;]-0.33MeOH}s, (2.0.33MeOH), which
describes a 3D coordination polymer. Furthermore, both polymers strongly emit at ~435 nm
(Aexc = 317 nm) in solution and solid state, with complex 2 displaying a slightly larger
lifetime of T,y = 2.45 ns vs. Tay = 2.02 ns for 1. Finally, we feel this work demonstrates an
alternative and easy method for increasing the dimensionality of coordination polymers,
upon suitable selection of Schiff-base amino acid ligands.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemistry5030121/s1, Figure S1. FTIR-ATR spectra of 1 and 2.
Figure S2. PXRD patterns for 1 (top) and 2 (bottom). Figure S3. Solutions excitation (Aem = 441 nm)
and fluorescence (Aex = 317 nm) spectra for complexes 1 and 2. Figure S4. Solid-state fluorescence
spectrum of 1-OH-2-naphthaldehyde using 317 nm as excitation wavelength.
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