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LEILA TABRIZI{, HOSSEIN CHINIFOROSHAN*{ and PATRICK MCARDLE]

tDepartment of Chemistry, Isfahan University of Technology, Isfahan, Iran
$School of Chemistry, National University of Ireland Galway, Galway, Ireland

(Received 27 September 2014, accepted 23 February 2015)

A 1D coordination polymer, {[Zn(p; s-dca)>,(PZA),]J(PZA),}, (1), has been synthesized and charac-
terized by single-crystal X-ray crystallography. The coordination modes of the dicyanamide (dca)
and the pyrazinamide (PZA) were inferred by IR spectroscopy. The complex was applied to organic
electroluminescent (EL) devices as the emitting materials. The electroluminescent device of ITO/
NPB (40 nm)/Zn polymer: CBP (30 nm) (30 nm)/BCP (15 nm)/Alq (30 nm)/LiF (1 nm)/Al
(100 nm) was fabricated. The EL device emits cyan light originating from this complex with high
brightness and efficiencies. For 1, a maximum luminance of 34.9 cd/A was achieved at 9 V.

Keywords: Zinc(1l); Dicyanamide; Pyrazinamide; Electroluminescence

1. Introduction

The design of coordination polymers (CPs) has attracted attention in supramolecular chem-
istry and crystal engineering for intriguing architectural topologies [1-4] and applications as
functional materials and in luminescence [5—8].
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Luminescent organic/organometallic compounds have attracted attention owing to poten-
tial applications in flat panel displays based on organic light-emitting diodes (OLEDs). These
materials are useful in OLEDs because of relatively high stability and efficiency [9, 10].

The d'® metal ions possess various coordination numbers and geometries and attractive
luminescent properties when bound to functional ligands, representing desirable synthetic
targets [11-14]. Zinc complexes have been especially important because of the simplicity in
synthesis and wide spectral investigations. Considerable research is carried on in various
laboratories to synthesize zinc complexes containing new ligands to produce a number of
luminescent zinc complexes [15-20] as emitters and electron transporters in OLED research
[21-23]. However, low thermal stability of this type of material limits applications, espe-
cially in the area of LEDs [24]. To overcome the problem, we chose CPs to construct
OLEDs. As hybrid materials, CPs have relatively rigid skeletons which offer excellent ther-
mal stability [25-28]. Coordination with metal ions often enhances the rigidity of the linker,
increasing fluorescence intensity [29-31].

Dicyanamide (dca) is a versatile [32-35] bridging unit and may bind metal ions as
terminal or bridging ligands; dca is non-fluorescent, but its assembly generates highly
interesting fluorescent CPs [36].

There is an analogy between the emission behavior of pyrazinamide (PZA) and 8-hy-
droxyquinoline since both ligands have similar chromophoric groups, i.e. a coordinating
imine and a delocalized # system [37]. Therefore, zinc(Il) complexes of pyrazinamide are
expected to show good luminescence, enhancing the quantum yield of photoluminescence.

In this report, we synthesized a 1D compound of zinc(Il) with dca and PZA, {[Zn
(11 ,5-dca),(PZA)J(PZA),}, (1), and its optical and photoluminescence (PL) properties
have been investigated. An organic light-emitting device was fabricated using the com-
plex as emitting layer to study its electroluminescence (EL) properties. The device based
on the complex gave high brightness and external quantum efficiencies. Also, details of
syntheses, spectroscopic characterizations and X-ray structure of this complex are
described below.

2. Experimental

2.1. Materials

All chemicals and solvents were purchased from Merck or Sigma-Aldrich and used without
any further purification. Pyrazinamide was obtained from the Abidi Pharmaceutical
Company.

2.2. Physical measurements

Fourier transform infrared spectra were recorded on a FT-IR JASCO 680-PLUS spectrome-
ter from 4000 to 400 cm™ ' using KBr pellets. Elemental analyses were performed using a
Leco, CHNS-932 elemental analyzer. The UV—vis spectra were recorded on a UV-JASCO-
570 spectrometer. PL spectra were recorded on a Perkin—Elmer LS 50B luminescence
spectrophotometer. Current, voltage, and light-intensity measurements were made
simultaneously using a Keithley 2400 source meter and a Newport 1835-C optical meter
equipped with a Newport 818-ST silicon photodiode.
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2.3. Synthesis of {[Zn(u; s-dca)(PZA),][(PZA) 3}, (1)

An aqueous solution (10 cm®) of Zn(OAc),2H,O (216 mg, 1.0 mmol) and NaN(CN),
(178.06 mg, 2.0 mmol) was stirred for 10 min, and an aqueous solution (50 cm®) of PZA
(492.4 mg, 4.0 mmol) was added dropwise. After filtration, the filtrate was then left to
evaporate slowly. Colorless single crystals were obtained after several weeks. Yield: 72%.
Elemental analyses were in agreement with the C,,H;¢ZnysN¢O, stoichiometry for 1.
Found (Caled %): C, 41.71 (41.78); N, 36.49 (36.54); H, 2.84 (2.92). IR data on KBr (v,
cm™ ") pellets: v (NH,): 3414 (s); v (aromatic C—H): 3069 (W); vs + vas(CEN): 2325 (S); Vas
(C=N): 2246 (s); vs (C=EN): 2179 (s); v (C=0): 1709 (vs); v (C=N): 1576 (s), v (C=C):
1419 (s); v, (C-N)(dca): 1383; v (ring breathing): 1090.

2.4. OLED fabrication

The OLED device was fabricated in a configuration ITO/NPB (40 nm)/Zn polymer: CBP
(30 nm)/BCP (15 nm)/Alq (30 nm)/LiF (1 nm)/Al (100 nm). Indium tin oxide (ITO)-coated
glass substrates with sheet resistance of 25 Q2 were patterned and cleaned using trichlor-
oethylene, acetone, isopropyl alcohol, and deionized water sequentially for 20 min using an
ultrasonic bath and dried in flowing nitrogen. On the substrate, the hole transport layer and
the emitting layers were deposited sequentially under a high vacuum (1 x 107> Torr) at a
deposition rate of 1 A/s and LiF at 0.5 A/s. Thickness of the deposited layers were
controlled by a quartz crystal monitor.

2.5. Crystal structure determination

Relevant results from data collection and structure solution are summarized in table 1. Crys-
tals of 1 were grown by slow evaporation from methanol solution. An Oxford Diffraction
Xcalibur system was used to collect X-ray diffraction data. The crystal structures were

Table 1.  Crystallographic data for 1.

Empirical formula

C12H10N9O2Zng 50

Formula weight 344.97

T/K 293 2) K
Crystal system Triclinic
Space group P1

alA 7.4303(9)
b/A 7.5983(9)
c/A 14.527(2)

a/® 75.577(13)
pl° 78.660(12)
y/° 62.916(12)
V/A3 703.93(19)

V4 2

u (mm™") 0.94

Dea/Mg m™3 1.628
F(000) 352

6 Range/° 3.1-29.1
Independent reflections 2924 [R(int) = 0.1002]
Data/restraints/parameters 2924/159/214
Goodness-of-fit on F* 0.990

Final R indices
R indices (all data)

Largest diff. peak and hole (e A™%)

R, =0.0758, wR, = 0.1672
R; =0.1462, wR, = 0.1945
1.030, —0.844
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solved by direct methods (Shelxt2014) and refined by full matrix least squares using
Shelx12014 within the Oscail package [38, 39]. Non-hydrogen atoms were refined
anisotropically.

3. Results and discussion

3.1. Synthesis and spectroscopic study of 1

The synthesis of 1 in high yield was achieved via aerobic reaction of dca and PZA with Zn
(OAc),-2H,0 in aqueous solution. Complex 1 is soluble in DMSO and DMF.

PZA can coordinate through the pyrazine ring nitrogens and the C=O or -NH, groups.
IR spectroscopy can be indicative of the coordination mode of PZA in complexes. The
coordination mode of PZA in 1 was examined by comparing spectra of free and complexed
PZA. The strong absorption at 3414 cm™', observed in the spectra of free PZA and in the
spectra of 1, is assigned to the v (NH;) mode of the amino terminal group [40]. The lack of
shift in v (NH,) suggests that PZA does not coordinate to the metal in these complexes
through nitrogen of NH,. The strong band at 1709 cm™' observed in spectra of 1 was attrib-
uted to the v(CO) mode of coordinated PZA, which appears at 1712 (IR) cm ™' in free PZA.
Therefore, it also does not take part in coordination. In the IR spectra, the ring-breathing

Figure 1. ORTEX drawing with the atom-labeling of the asymmetric unit, 40% ellipsoids, for 1.
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mode of PZA is at 1025 cm ™' for solid PZA and 1045 cm™' for 1. The blue shift of ring
breathing suggests the PZA is coordinated in 1 through the heterocyclic ring nitrogen
[41-44].

The IR spectrum of 1, as shown in the Experimental section, has a profile that is deter-
mined to a large extent by dca. There are strong absorptions at 2325, 2246, and 2179 cm ™',
corresponding to the v + v,s (C=N), v, (C=EN), and vy (C=N) modes of the dca ligand,
respectively [45]. The shift toward higher frequencies of these peaks, when compared with
those of the free dca in its sodium salt (strong peaks at 2286, 2232, and 2129 cm™ '), is

Figure 2. Packing diagram of 1; hydrogen bonds are represented by dotted lines; hydrogens not involved in
hydrogen bonding are omitted for clarity.

Table 2. Hydrogen bonds for 1 [A and °].

D-H:--A d(D-H) d(H:-A) d(D---A) <(DHA)
N(6)-H(6A)---O(4) 0.86 2.07 2.926(7) 177.1
N(6)-H(6B)--N(8)#5 0.86 2.42 3.118(8) 138.4
N(7)-H(7A)---O(1) 0.86 2.03 2.890(7) 175.8
N(7)-H(7B)-"N(5)#6 0.86 2.48 3.180(8) 139.3
Symmetry transformations used to generate equivalent atoms: #1 —x—1, =y, —z; #2 x + 1, y, z; #3 —x, -y, —z; #4

x—=Ly,z;#5x+ 1, y—1l,zz#6x—1,y+ 1,z
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consistent with the coordination of the ligand. Bands from v,s (C-N) (1400-1300 cm™ ")
and vy (C-N) (950-900 cm ") also occur in spectra of 1.

3.2. Structural description of 1

The crystal was twinned; however, a twin component extraction procedure was successfully
used to obtain and interpret the data. The asymmetric unit of 1 is shown in figure 1; the
complex is composed of linear chains of zinc ions bridged by end-to-end dca ligands and
coordinated by PZA ligands, figure 2. Each zinc is connected to two neighbors by four
equatorially bound dca ligands, which participate in two successive Zn(dca),Zn units. Two
nitrile nitrogens in dca are involved in coordination, so dca is a bridge in a p-1,5 mode.
The slightly distorted octahedral coordination spheres of Zn ions are completed by the
coordination of two monodentate trans PZA ligands. The Zn-Ngicyan €quatorial distances
[2.097(5) and 2.112(5) A], average 2.1045 A, are shorter than the Zn-Np,, axial lengths of
2.233(5) A. The ZnNg octahedron is only slightly distorted as shown by the near 90° values
for the cis-N-Zn-N' angles, which are 87.4(2) and 92.6(2)°. Polymeric 1-D chains are gener-
ated parallel to the a-axis, with adjacent chains staggered @/2 so as to provide a more

Table 3.  Selected bond distances (A) and angles (°) for 1.

Zn(1)-N(@3) 2.097(5) Zn(1)-N(2) 2.112(5)
Zn(1)-N(@4) 2333(5) O(1)-C(7) 1.232(7)
0(4)-C(12) 1.237(7) N(6)-C(7) 1.302(8)
N(7)-C(12) 1.308(83) N(4)-C(3) 1.328(7)
NG3)-Zn(1)-N(3) 180.0(6) NG3)-Zn(1)-N(Q) 87.4(2)
N(2)-Zn(1)-N(2) 180.0 N(3)-Zn(1)-N(4) 90.08(18)
N(2)-Zn(1)-N(4) 90.6(2) N(4)-Zn(1)-N(4) 180.0
C(3)-N@)-Zn(1) 122.1(4) C(6)-N(4)-Zn(1) 121.5(4)
C(2)-N(3)-zn(1) 162.5(5) C(1)-N(2)-Zn(1) 152.0(5)
N(1)-C(1)-N(2) 172.4(6) NG)-C(2)-N(1) 173.2(7)
CQ)-N(1)-C(1) 123.6(6)

(a) (b)

g Y .:" =o=:UN:-Visof 1 5 10 ] —o— UV-Vis of PZA

S o} &= PLof1 8 g b —t— PL of PZA

2 z

S 06 - % o

E *E 0.6

3 0.4 5 04

E 029 TE 0.2

= B8] v v Z 00 . ——r—r v ——r—r
300 400 500 600 700 250 300 350 400 450 500 550

Wavelength (nm}) Wavelength (nm)

Figure 3. The UV-vis absorption and photoluminescence spectra of (a) 1 in DMF and (b) PZA in methanol.
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efficient packing arrangement (see figure 2). Weak n—= interactions are evident, with the
distance between pyrazine ring centroids being 3.673 A and a S offset angle of 108.37°.

In the crystal structure, there are N-H---O and N—H---N hydrogen bonds which are listed
in table 2 and illustrated in figure 2. The oxygen is a bifurcated acceptor, simultancously
accepting an amide hydrogen of PZA [N-H-0, 2.926(7) A; symmetry code: —x + 1, =y, —z].
The selected bond distances and angles of 1 are collected in table 3.

Figure 4. The general structure of the device and the molecular structures of the compounds used in the device.

Table 4. Performance data of the Zn polymer-based OLEDs.

Turn-on voltage Mext L e
Device V) (%, V) (cd/m?, V) (cd/A, V) p U/ W, V) Amax (nm)  CIE, 8V (x, »)
A: 6.6% 3.1 12.1,9.0 41,100, 17.7 34.9,9.0 14.7, 4.8 491 (0.21, 0.53)

Zn polymer

Note: The data for external quantum efficiency (#cy), brightness (L), current efficiency (#.), and power efficiency (17,) are the
maximum values of the device.
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3.3. Absorption and emission

Figure 3(a) and (b) illustrates the UV—vis and photoluminescence (PL) spectra of 1 in DMF
and PZA in methanol at room temperature. In figure 3(a), there are two major absorptions
at 297 and 342 nm in the UV-vis spectrum. Since the zinc ion has d'° configuration, the
bands could be assigned to intraligand transitions. On irradiation with 340 nm, light 1
showed photoluminescence in DMF at 473 nm, falling in blue to cyan region. In
figure 3(b), the strong absorption band at 250-350 nm can be assigned to 7z—z* transition in
PZA. The PL emission peak of PZA in methanol was observed at 380 nm. Although
dicyanamide and the metal salt are non-fluorescent [36], the assembly causes highly
interesting fluorescent CPs. We consider that the emission of 1 is PZA-based, involving the
most likely '(z—7*) transitions.

-
o
L

—o— Device A

e o o
R (02} @
a4 2 1 .

o
8]
Il .

Normalized Intensity (a.u.)

o
o
1

300 350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 5. The electroluminescence spectra of the device.

T T T d T T T b
50000 4 —&— DeviceA L-V 71200
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T 40000 e E
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T 20000 a
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Figure 6. The luminance—voltage—current (L—V—I) characteristics of the device.
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Figure 7. The external quantum efficiency (ycx)—current density—power efficiency () characteristics of the
device.

3.4. Electroluminescent properties

To illustrate the electroluminescent properties of 1, typical OLED device (device A) using 1
as dopant was fabricated. The device had a multi-layer configuration ITO/NPB (40 nm)/Zn
polymer: CBP (30 nm)/BCP (15 nm)/Alq (30 nm)/LiF (1 nm)/Al (100 nm), in which ITO
(indium tin oxide) was used as the anode, NPB (4,4'-bis[N-(1-naphthyl)-N-phenylamino]
biphenyl) was used as the hole-transporting material, CBP (4,4’-N,N’-dicarbozole biphenyl)
as the host, the Zn polymer as dopant, Alq (tris(8-hydroxyquinolinato) aluminum) as the
electron transporter, and LiF/Al as the cathode (figure 4). Key characteristics of this device
are listed in table 4.

Device A emitted strong cyan light with an emission maximum at 491 nm (figure 5). The
EL spectrum of the device does not change significantly with variation of the applied volt-
ages from 6 to 12 V. Based on the EL spectrum at an applied voltage of 8 V, the Commis-
sion International de I’Eclairage (CIE) coordinates of device A are (0.21, 0.53). The CIE
coordinate of this complex is almost independent of driving voltage.

Figures 6 and 7 show the luminance—voltage—current (L—V-/) and the external quantum
efficiency (77.x)—current density—power efficiency (#,,) characteristics of the device, respec-
tively. Device A showed quite high efficiencies and brightness. For the device, with 6.6%
of 1 as dopant, an extremely high external quantum efficiency of 12.1%, a maximum
brightness of 41,100 cd/m* at 17.7 V, and a current efficiency of 34.9 cd/A were achieved
(table 4).

4. Conclusion

A 1D Zn(Il) polymer, {[Zn(w, s-dca),(PZA),](PZA),}, (1), containing dicyanamide (dca)
and the pyrazinamide (PZA) ligands was synthesized and characterized by single crystal
X-ray crystallography and IR spectroscopy. PZA coordinated to Zn(II) through the
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heterocyclic ring nitrogen. The EL device based on this complex emitted cyan color, with
high brightness and efficiencies for organic light-emitting device application.
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