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Abstract: A novel organic-inorganic hybrid materials compddeom infinite-chains of Zn(ll) and bi-
carboxylic acid linker (4-Carboxy-1-{3-[(4-carboxphenylimino)-methyl]-4-hydroxy-benzyl}-
pyridinium chloride) was successfully formed by gp&ation from the mixture of precursor solutions.
Thermogravimetric and elemental analyses, energpetsive X-ray (EDX) and Fourier-transform
infrared (FT-IR) spectroscopies approved the ercseof two well-defined coordinating sites (N,O and
COO sites) coordinated to zinc ions. Coordinatiérthe linker N,O site to Zif ion generated the
metalo-ligand units and further addition of*Zrion resulted in the attachment of these unitsache
other via carboxylic acid groups. Time-dependenMSinhalysis demonstrated that the optimum time
for preparing the smallest particles is 5 min. @altion of the prepared zinc based coordination

polymer achieved uniform ZnO nanoparticles witlgé&arband gap in comparison with bulk counterpart.
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Introduction

Coordination polymers are a kind of organic-inoigamybrid materials composed of metallic nodes
connected by repeating units of ligands extendmgne, two or three dimensions and have attracted
great attentions [1-3]. Bailar reported the firstigs of procedures for constructing inorganic pays
based on coordinative bonds [4]. While the researschhave been concerned in metal-organic
frameworks (MOFs), the first examples of nano- acroscale coordination polymer particles were
reported by Mirkin [5] and Wang [6]. Recent studievealed great interest in two new types of
coordination polymers i.e. metal-organic framewdM©OFs) and infinite coordination polymers (ICPs)

[7-10].



In contrast to crystalline MOF, ICPs with-amorphomasiostructures constructed from self-assembly of
metal ions and organic linkers [11-13]. By additiehnonpolar solvent to the mixture of metal ions
(Zn**, CUf+, Ni*") and carboxylate functionalized binaphthyl bis-aflettridentate Schiff base (BMSB)
linker, micro/nanopatrticles of ICPs was prepareld [fEepending on the desired application, the ICPs
particles with specific physiochemical propertiesisas color, luminescence, and redox properties ca
be achieved either by exchanging the metal iondigadds or adjusting their interactions.

Recently, some researchers have developed the amp@® to manufacture ICPs by using various
methods. Mirkin’s group reported the preparatiomadjustable ICPs by using precipitation process [14
16]. The preparation of micro-sized cubic ICPsmiarowave-assisted solvothermal revealed by Masel
[17]. Lin’s group reported the formation of ICP waods via the water-in-oil microemulsion method
[18]. Oh and his coworkers developed the preparatiethod of ICPs with different morphologies and
sizes by utilizing solvothermal method [19-21]. KCparticles have also been used as precursors for
producing metal oxides by Oh [19, 22, 23] and aougs [24-26].

In this paper, a new bi-carboxylic acid Schiff bdis&er was synthesized from p-aminobenzoic acid
and functionalized salicylaldehyde with iso-nicatiacid. We describe a simple precipitation mettwd
fabricate zinc coordination polymer with bi-carbbgyacid Schiff base linker and used obtained ICP

for preparing ZnO by calcination.

Experimental Section

Materials and apparatus

Solvents and all other chemicals were obtained fA@mos, Merck and Alfa-Aesar commercial sources
and used as received unless otherwise noted.

The CHN elemental analysis was done on a PerkireEBA00 SERIES II. Inductively coupled plasma-
optical emission spectroscopy (ICP-OES) was comrdion SPECTRO ARCOS FHE 12 ICP-OES
analyzer.'H NMR spectra were recorded on a Bruker Avance §d€ctrometer. Fourier-transform
infrared spectra of solid samples (KBr pellets) evesbtained on a Perkin-Elmer-RXI FT-IR

spectrometer. The elemental composition and sunfia@ghology of the samples were studied using



energy dispersive X-ray analysis (EDX) equippechvathigh resolution MIRA3-TSCAN-XMU field
emission scanning electron microscope (FE-SEM)nmAd¢dorce microscopy (AFM) was carried out to
study the topology of the surface of coordinatiallymer using Ara-Research AFM full plus in the
non-contact mode and at ambient air. Thermogravimanalysis (TGA) was conducted on TGA 1-
Mettler Toledo thermogravimeter in the temperatargge from room temperature to 700°C at a heating
rate of 10°C mift in static air. XRD pattern was recorded on a Rigdk-max Clll X-ray
diffractometer using Ni-filtered Cu &radiation. The electronic spectra were taken dbirdra 101
spectrometer. The emission spectra were taken dsseo FP-6500 spectrofluorometer. The specific
surface area and pore size distribution were detechby the nitrogen adsorption method using
Belsorp-mini Il instrument with 23 points for evation. Before performing the adsorption experiments

the sample was outgassed under vacuum at 150°C.

Synthesis of the ligand
All of the steps of the synthesis process are shown Scheme 1. 5-(chloromethyl)-2-

hydroxybenzaldehyde\ was prepared according previous report [26, 27].

4-Carboxy-1-(3-formyl-4-hydr oxy-benzyl)-pyridinium chloride (B)

As a typical procedure, in a 100 mL round bottomsKk, 9.23 g (75mmol) of isonicotinic acid in
methanol was added to the warm methanolic solufdhg NaOH. After 2h, the solution was exposed
to air to evaporate solvent. The precipitated wpibevder of sodium isonicotinate was collected and
washed with methanol (9.5 g; 87% vyield).

5 g (35 mmol) of sodium isonicotinate was suspend&b mL of THF. A solution of 6 g (35 mmol) 5-
(chloromethyl)-2-hydroxybenzaldehyd@) in 15 mL THF was added to this suspension and the
reaction mixture was refluxed for 48 h. The solvermis removed by filtration and the residue was
washed with THF several times. The product takemwpsmall volume of distilled hot water (30 mL),
acidified with 6 M HCI and stirred for 30 min to aebe pH = 2. After concentrating the solution to
about a half volume in a hot water bath, the formseltd product was collected by filtration. To rereov

the NaCl impurity, the white residue was treatethvai small volume of methanol (20 mL), the mixture



was filtered, and an excess volume of diethyl etvees added to the filtrate to precipitate the desired
compound. The product was collected and dried uadenum (4 g; 38% yield) [28]. Elemental anal.
Calc. for G4H12NO4Cl.1.2H,0: C, 53.33; H, 4.60; N, 4.44. Found: C, 52.964t80; N, 4.50'H NMR
(DMSO-d): § = 11.25 (s, 1H, OH), 10.28 (s, 1H, CRD), 9.34 (d, 2H, &%, 8.46 (d, 2H, K3, 7.91 (d,
1H, Hyomaid, 7.73 (dd, 1H, Homaid, 7-13 (d, 1H, Homaid, 5-88 (s, 2H, é—IZCI) ppm. FT-IR (KBr,
cm™): 3198 (0.1, H20), 3059 Oc-H-aromatids 29260c-H-aliphatids 2865 Oc-H-aidenydds 1711 Oc=0-acid, 1671

(vc=0-aldehyad 1617, 1491c=c).

Synthesis of Schiff base ligand, 4-Carboxy-1-{3-[(4-carboxy-phenylimino)-methyl]-4-hydroxy-
benzyl}-pyridinium chloride (L)

1.7 g (5.79 mmol) of 4-Carboxy-1-(3-formyl-4-hydgekenzyl)-pyridinium chloridgB) was dissolved

in 40 mL hot methanol, and 10 mL methanolic solutid p-aminobenzoic acid (0.794 g; 5.79 mmol)
was added to above solution slowly. Fine yellowstalyof the product was formed spontaneously and
the reaction mixture was stirred for 2h. After thise, the products were isolated, and subsequently
washed with methanol several times via centrifugeiredispersion cycles. Each successive supernatant
was decanted and replaced with fresh methanolpfdauct was collected and dried under vacuum (1.4
g; 59% vyield). Elemental anal. Calc. fo;8,7/N.OsCl: C, 61.10; H, 4.15; N, 6.79. Found: C, 61.49; H,
4.32; N, 6.43'H NMR (DMSO-d): 5 = 12.68 (s, 1H, OH), 9.02 (d, 2H, K%, 8.92 (s, 1H, N=CBH,

8.20 (d, 2H, B3, 8.00 (d, 2H, Ff"), 7.85 (d, 1H, Homaid, 7-60 (dd, 1H, Bomaid, 7.45 (dd, 2H,
H*, 7.05 (d, 1H, Homaid, 5.78 (s, 2H, €H,Cl) ppm. FT-IR (KBr, cm?): 3381 (o.), 3121 {c.n-

aromatia’ 2926 ()C-H-aliphatir')a 1708 ()C=O-acic)a 1625 ()C=N)-

Synthesis of Zn-ICP by precipitation method

A solution of Zn(OAc).2H,O (1.50 g; 6.83 mmol, 6 mL) in DMSO was added siotw a 10 mL hot
DMSO solution of Schiff base ligandl Y (1.30 g, 3.15 mmol). Immediately, large amounpicipitate
was observed in the solution. The colloidal solutivas further stirred and 4 mL taken from the
reaction mixture at various times (5, 10, 30, 60n)miThe yellow precipitate was isolated by

centrifugation and washed with DMSO and ethanoessvtimes (0.91 g; 48% vyield). Elemental anal.



Calc. for G3H17/N,O,CIZn,.2H,O: C, 46.07; H, 2.86: N, 4.67; Zn, 21.81. Found46.42: H, 2.81: N,
4.96; Zn, 22.02. FT-IR (KBr, cm): 3427 (o, H20), 3051 Oc-r-aromatids 2893 Oc-H-aliphatid, 1620 0c=n),

1568 @C=O-asymmetri}, 1470 ()C=O-symmetria-
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Scheme 1llllustrative preparation steps of the ligand pratian and proposed structure #m-ICP infinite

coordination polymer.

Results and Discussion

To fabricate Zn-ICP, the 4-Carboxy-1-{3-[(4-carboxy-phenylimino)-methg-hydroxy-benzyl}-
pyridinium chloride(L) containing carboxyl groups were designed to adigasid for coordination of
the metal ion (Scheme 1). For this purpose, funelized salicylaldehyd€B) was synthesized by
nucleophilic substitution of chloro group of 5-(cldmethyl)-2-hydroxybenzaldehydd) with sodium
isonicotinate followed by acidification of the mixe to protonate the carboxylate group. In the next
step, ligand(L) was prepared from 4-Carboxy-1-(3-formyl-4-hydrdsgnzyl)-pyridinium chlorid€B)

and p-aminobenzoic acid by Schiff base condensa&antion. As shown in Scheme 1, the mixing of
DMSO solutions of prepared ligafd) and Zn(OAc) at room temperature achieved the-ICP as

light yellow precipitate.



To study the chemical composition of obtairgdICP, ICP-OES and CHN elemental analysis were
carried out which indicated the existence of twaczons per one ligand in each monomeric unimof
ICP and confirmed the proposed structure. One equivaleZrfions was coordinated by N,O site of
the ligand. Second equivalent of zinc cations aei®chode to connect metal-organic building blocks
together through the carboxylate groups. The axigt®f one acetate anion is required in each onit f
the neutrality of preparedn-ICP.

The chemical composition of product was also exuoiby energy dispersive X-ray (EDX)
spectroscopy (Fig. 1). It can be deduced from Ep&ctum that the product is composed of C, N, O,

Cl and Zn elements. The 1.486 eV signal of Al latexl to the coating material.
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Fig. 1. EDX spectrum o¥Zn-ICP.

An important issue in the studying of ICP partideshat one should work with amorphous rather than
crystalline materials, so the single crystal X-eaalysis cannot be used to study the formationtaad
exact structures of the obtained ICP patrticles.[XRD analysis oZn-ICP (Fig. 2) indicated that it is
amorphous and no crystalline structure was formethd the preparation stages. It means that similar
to other examples of ICP particles achieved froengblymerization-precipitation approach [5, 13,,29]

this method do not favor slow crystallization whizften produces the amorphous structures [11].
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Fig. 2. XRD pattern of the amorphods-ICP.

Further evidence for the construction Bh-ICP particles was provided by FT-IR spectroscopy.
Coordination of carboxylate groups to%rions was verified by the observation of the shiftthe
carboxyl stretching frequency from 1708 ¢rto 1568 and 1470 cth The C=N frequency shift from
1625 cm® in ligand to 1620 cit in Zn-ICP also verified the coordination of N,O site to?Zions.

The thermal behavior and stability of th#n-ICP was studied by thermogravimetric analysis
(TGA/DTA; Fig. 3). The TGA curve exhibited a slighteight loss from room temperature to 150 °C
owing to the removing surface adsorbed water [BB¢ ligand species started to decompose above 200
°C and the framework collapsed until 450 °C. Frdm telatively high temperature needed for this
decomposition, it can be found that the organikdiris strongly bonded to metal cation. Furtherghei
loss was not observed with heating of the sampl@0@ °C. The final residual weight is 25.47%
(calculated: 25.60%) attributed to the ZnO formati®GA analysis clearly indicates the existence of
two water molecules and approves the molecularh&fithe monomeric unit of the prepai@ad-ICP.
From the DTA curve it is obvious that the loss chter is endothermic. An intense exothermic

decomposition peak was observed for organic redidueing at about 380 °C.
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Fig. 3. TGA/DTA curves ofZn-ICP.

To provide better insight from th&n-ICP morphology, FE-SEM analysis was employed (Fig.Tée
preparedZn-ICP particles have smooth surface with diameters oia@0 nm.Zn-ICP nanoparticles
formation process was further explored at varioesction times to find evidence for the possible
growth mechanism. Three clear evolution steps cbeldeen as exhibited in Fig. 4. At the primary
stages, an investigation of the intermediate prodhtained after 5 min indicated that a large nunabe
sphere like nanoparticles are present (Fig. 4ajlewthe intermediate formed after 30 min comprised
from agglomerated nanopatrticles (Fig. 4b). It igsiobs that the nanoparticles have grown and atthche
to each other. By increasing the reaction timeQGarén the more agglomerated particles was resulted
(Fig. 4c). However, the best time to achieve indlial nanoparticles afn-ICP is 5 min.

From the time-dependent SEM analysis, proposed amsim was deduced for the particle formation
process, which involves nucleation, aggregation gnoavth. At early stages of the reaction with high
concentrations of precursors, fine nanoparticleseevpgoduced from nucleation of product. However,
with proceeding the reaction, the concentratioprecursor decreases and the growth process become
dominant and larger ICP particles with deviatioanir spherical shape were formed. The patrticle-

growth step involves both the coalescence of theosiaed seeds and agglomeration into larger



particles structures along with the next adsorpbbradditional nanoparticles into the larger paetic

cores.

e ¥
SEMHV: 300KV | woisstmm [ i MIRA3 TESCAN| SEM HV: 30.0 kv WD; 6.81 mm
View field: 21.9 ym | Det: SE | 5 pm View fieid; 1:33 pm Det SE 200 nm
SEM MAG; 12.6 kx| Date{midiy): 01/18/18 | Kurdistan University SEM MAG: 208 kx| Date(m/dly); 01/18/18

Fig. 4. Representative FE-SEM images monitoring the foigmadf Zn-ICP at: a) 5 min, b) 30 min, ¢) 60 min,

and d) high resolution FE-SEM image of (c).

High resolution FE-SEM image (Fig. 4d) shows soramsgity in the obtainedn-ICP particles at 60
min. So, N adsorption/desorption analysis was used to sthdypbrosity of prepared sample. Fig. 5
depicts the W adsorption/desorption isotherm of as-prepaZedlCP. As can be seen, the sample
represent type-Il isotherm, indicating its nonpsroature. The BET surface area was calculated to be
9.5 nf/g. Despite some earlier reports about high porasid good gas storage ability of ICPs [11, 15,
19, 31], the obtained micro/nano scale coordinapiolymers did not show well gas storage. Although
MOFs have good porosity for gas up-taking due &ir tivell-defined porous framework, there is no any

framework or porosity in ICPs for gas up-taking][25
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Fig. 5. Nitrogen adsorption/desorption isothermZof-ICP nanoparticles prepared by precipitation methoglat
min
AFM was used in non-contact mode under ambientitiond to study the topography and roughness of
the Zn-ICP in three dimensions (Fig. 6). Crest and troughghmess of the surface was clearly seen in
the AFM image. The image confirmed spherical molpdpp and monodispersed nanoparticles with

height of about 77 nm.
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Fig. 6. AFM image ofZn-ICP nanopatrticles.

Fig. 7 illustrates the absorption and emission speaxf the ligand andn-ICP nanoparticles. Evidently,
despite the similarity in the highest lying tramsit (t—n*) below 350 nm in absorption spectra,
prominent differences are seen around 350-500 mmwhich n-zn* transition of ligand was
disappeared iZn-ICP absorption spectrum and exhibits another absaorfitand at 442 nm owing to
MLCT transition. Upon excitation (at 380 nm and 44 for ligand andZn-ICP, respectively), the
ligand showed an emission peak at 550 nm. Afterdination of the ligand to Ziion, the intensity of
550 nm emission peak reduced indicating the invok#met of nitrogen atom in the coordination to*Zn
jon. This may be rationalized by incorporation 6&tZrf* ion in the structure ofZn-ICP and

decreasing the intensity of the-m* transition.

11
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Fig. 7. UV/Vis (in DMSO) and fluorescence (in the solidtedaspectra of ligandif, = 380 nm) an@n-ICP (A

=440 nm).

ICP like MOF counterpart and coordination compleould be good precursors for metal oxide
preparation [32-38]. Preparath-ICP was calcined aB00 °C for 2 hfor preparing ZnO nanopatrticles.
During this process organic ligand was burn grdgiuald zinc oxide is final product. As show in Fig.
8a, the obtained XRD pattern of the ZnO nanopadics completely in compliance with the hexagonal
phase of bulk ZnO (JCPDS card no. 80-0075). Absehemy organic residue in FT-IR spectrum (Fig.
8b) confirmed the purity of the obtained ZnO nanmtipies. The FE-SEM analysis (Fig. 8c) illustrates
the size and morphology of ZnO nanoparticles. &gshows monodispersed nanoparticles with 60 nm
average size slightly less than 70 nm in precu@o+lCP) due to the role of organic linker.

The optical absorption spectrum of the obtained &8 shown in Fig. 8d. Tauc equation [39] shows
the absorption coefficient as a function of phadoergy for allowed direct transitions:

(ahv) = C (v - E)™

whereq is absorption coefficient, h is Planck’s constant the frequency, C is a constant, agds&he
band gap energy. From the Tauc plot depicted innbet of Fig. 8d, the fvalue was found to be 3.95
eV for ZnO. The larger optical band gap energy nDZnanoparticles in comparison with the bulk

counterpart (3.3 eV) [40] is due to the quantumfio@ment effect [41].

12
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Fig. 8.(a) XRD pattern, (b) FT-IR spectrum, (c) FE-SEMage, and (d) UV-Vis spectrum (the inset shows Tauc

plot) of ZnO product.

Conclusion

New bi-carboxylic acid functionalized Schiff baseker and corresponding zinc coordination polymer
were prepared and structurally characteriz&tllCP nanoparticles were obtained immediately after
mixing the precursor solutions of the ligand and*Zans. The initial formation of sphere li@n-ICP
nanoparticles and the aggregation of initial sdedshe final formation of larger nanoparticles were
monitored via electron microscopy. The analysigifal and final products illustrated that they had
same chemical compositions and morphologies bdérdifit sizes. Morever, the best time for the
formation of individual nanoparticles dn-ICP is 5 min. Solid state transformation @h-ICP

produced pure ZnO nanopatrticles with larger barmmrgkative to bulk counterpart.
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» Step by step preparation of new bi-carboxylic acid linker.
* Synthesis of new amorphous infinite coordination polymer.

* Represent areasonable mechanism for growth of crystals.



