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Metal-organic Architectures Driven by a Multifunctional 6-Aminouracil
Spacer: Structures, Noncovalent Interactions, and Conductivity

Atanu Purkayastha,® Sourav Dhar,” Suvra Prakash Mondal, Antonio Franconetti,X Antonio

Frontera,*c Rakesh Ganguly,*d Alexander M. Kirillov,*&f Tarun Kumar Misra*?

Three new coordination polymers, [Na'(H,L)(H,0)s], (1), {[K'(H;L)(H,0)]s:13H,0}, (2), and {[Ni"Na',(HL),(H,0)s]-6H,0}, (3)
were assembled from 1,3-dimethyl-5-(p-sulfonic-phenylazo)-6-aminouracil (HsL) as a versatile building block. Although azo-
coupling reactions generally result in simple azo-compounds, the presence of the sulfonate (-SO37) group at the ligand frame
led to the formation of the Na'-1D (1) or K'-3D (2) homometallic coordination polymers with different ligand coordination
modes. Moreover, heterometallic Ni"/Na'-1D (3) coordination polymer was obtained while carrying the reaction of 2 with
NiCl,:6H,0. The structures of the obtained products were fully established by single crystal X-ray diffraction and confirmed
by standard methods. Compounds 1 and 3 possess 1D metal-organic chains with the 2C1 topology, whereas 2 features a
very complex 3D metal-organic architecture with an unprecedented topology. The computational study for molecular
electrostatic potential (MEP) surface energies revealed an important finding, namely a decrease of the m-acidity of the uracil
ring upon coordination and a consequent increase of the n-basicity of the phenyl-sulfonate ring, resulting in effective anti-
parallel -it stacking interactions in 1 and 2. Finally, a semi-conductive behavior of the obtained compounds was explored
using an impedance spectroscopy, revealing the very remarkable conductive properties of 1 (2.2x10* S-cm!), which is a far
better conductive material than 2 (7.2x10¢ S:cm™) and 3 (4.8x107 S:cm™). The obtained products represent the first
coordination compounds derived from HsL. This study contributes to the design of functional coordination polymers driven

by still poorly explored 6-aminouracil building blocks.

1. Introduction

Research on coordination polymers (CPs) is mainly focused on
transition metal compounds because of their fascinating
applications in various fields.»2 In contrast, CPs of s-block metal
ions are investigated to a significantly lower extent.> However,
such compounds, especially those incorporating physiological
metal ions (e.g., Na*, K*), can exhibit different types of structural
motifs, properties and applications which, in some cases, can be
advantageous in respect to toxicity, solubility in water, and
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bioavailability. The design of organic spacers or linkers for
engineering and assembling new coordination polymers is also
an important step.>* Apart from having a pre-defined skeleton,
such building blocks are generally ornamented with the
functional —COOH or —-SOsH groups which provide a
coordination versatility and potential water solubility.

Azo derivatives with sulfonate (-SO3°) or sulfonic acid (SOsH)
groups are particularly attractive compounds in the fields of
biomedical research,”® analytical chemistry!® and materials
science.'! Coordination polymers based on s-block metals and
sulfonated monoazo building blocks have been reported,?-'7
including materials with interesting gas sorption and anion
exchange properties.® Kennedy et al.'3-'°> have demonstrated a
supramolecular architecture of s-block metal sulfonated
monoazo dyes by investigating a role of cations and position of
sulfonate group in the aryl ring. The sulfonate based CPs with
advanced solid-state electrical/ion/proton-conductivity and
biological properties have also been docummented.8-27

In recent years, we have been particularly interested in
exploring the chemistry of uracil derivatives?® given their
importance in the fields of bioactive molecules and drug design.
In particular, the coordination chemistry of azo-uracil
derivatives is mainly centered at 1,3-dimethyl-5-(aryazo)-6-
aminouracil.?® Keeping the 1,3-dimethyl-6-aminouracil moiety
intact, we have recently developed a new series of azo-uracils
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by changing substituent at the phenyl ring. Metal complexes
bearing such ligands have also been prepared and shown a
variety of weak intermolecular interactions such as H-bonding,
m-1t stacking, Ip-t and CH/NH-mt interactions. Interestingly, in
some cases, the conductivity of a material could also be tuned
by a type of noncovalent interactions.'®-?” These interactions
have already been explored on 1,3-dimethyl-5-(aryazo)-6-
aminouracils and their nickel(ll) systems and have shown a
predominate effect on substituent at the phenyl ring.?® In
addition, such organic blocks can be applied for the synthesis of
coordination polymers.?®

Following the above background, in this report we have
attempted the synthesis of new homo- and heterometallic
coordination polymers based on s-block metal nodes (Na, K)
and optional transition metal (Ni) centers. Interestingly, during
the synthesis of a sulfonated monoazo ligand (1,3-dimethyl-5-
(p-sulfonic-phenylazo)-6-aminouracil, HsL, Scheme 1), a
coupling reaction between p-diazobenzenesulfonic acid and
1,3-dimethyl-6-aminouracil in the presence of different bases
(i.e., NaOH or KOH) has been attempted. Instead of generating
HsL, we have isolated its derivatives, [Na'(H,L)(H,0)s], (1) and
{[K'(H,L)(H,0)]s:13H,0}, (2) (Scheme 1), two novel
homometallic Na(l) and K(l) coordination polymers that bear
new H,L™ blocks generated in situ. In addition, a heterometallic
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Scheme 1. Molecular structure of HsL and 5|mpI|f|ed representation of derived

coordination compounds 1-3. For simplicity, only one ps-mode of H,L™ is shown in
2.

coordination polymer {[Ni"Na,'(HL),(H,0)s]-6H,0}, (3) has also
been assembled. Hence, this study provides the full
characterization of the obtained compounds 1-3, describes
their spectroscopic, structural and topological features, solution
behavior as well as theoretical analysis. In fact, DFT analysis of
the m-mt stacking interactions in 1 and 2 including the MEP and
NCI plot computational tools has been performed. Finally, the
electric conductivity of the obtained compounds has been
investigated, revealing a particularly remarkable conductive
behavior of compound 1.

2. Experimental section

Materials and methods

2| J. Name., 2012, 00, 1-3

Reagent grade chemicals including 1,3:dimethyl6s
aminouracil, p-aminobenzenesulfonic a4 1{pHINCHEOI,
sulfanilic acid), nickel(ll) chloride hexahydrate (NiCl,-6H,0),
hydroxides of sodium and potassium and sodium nitrite were
purchased from commercial sources and used without further
purification. Solvents used for synthesis and spectroscopic
studies were of Analytical Reagent (A.-R.) grade. Silver paste
was purchased from Ted Pella Inc. (USA).

Melting points were determined on a Labtech Digital
melting point apparatus. IR spectra (4000-400 cm™) were
recorded on a Perkin EImer (RX-1 FT-IR) spectrophotometer as
KBr pellets. NMR (*H at 500 MHz and 13C at 125 MHz) spectra
were recorded using DMSO-Dg solutions and a JEOL DELTA2
spectrometer. Shimadzu UV-Vis 1800 spectrophotometer was
used for measuring electronic spectra. TGA analysis of the
compounds was performed on a Perkin EImer made Diamond
TG/DTA tool. Impedance Analyzer (Keysight, E4990A) was used
to measure the conductivity at room temperature and in the
frequency range of 20 Hz — 1 MHz. Elemental analyses were
conducted with a Perkin Elmer 2400 series-Il analyzer.

Synthesis and analytical data for coordination polymers 1-3
[Na'(H,L)(H,0)s]n (1)

Sodium(l) derivative of 1,3-dimethyl-5-(p-sulfonic-phenylazo)-
6-aminouracil (HsL) was isolated while adjusting a solution pH
with  NaOH of the coupling reaction between p-
diazobenzenesulfonic acid and 1,3-dimethyl-6-aminouracil. In
brief, a diazotized solution of p-aminobenzenesulfonic acid
(1.211 g, 7.0 mmol) in aqueous HCI (30 mL, 4 M) was subjected
to coupling with 1,3-dimethyl-6-aminouracil (1.112 g, 6.46
mmol) in acetic acid-water mixture (20 mL, 1:3 v/v) at 0-5 2C.
The resulting solution pH was then adjusted to ~5-6 witha 1 M
aqueous solution of NaOH, which generated a yellow
precipitate. This was filtered off, washed with cold water, and
dried in an air-oven at 60 2C. The dried product was dissolved in
DMF and set for crystallization, resulting in the formation of
crystals within a week. Yellow needle shape crystals, yield: 82%;
m.p. 295+2 °C; FT-IR (KBr, selected bands, u cm). 3561 and
3455 (br, v(O-H) and v(N-H)), 1701 (3C=0), 1636 (*C=0), 1520
(C=C), 1464 (N=N), 1363 & 1118 (C-N), 1229 & 1029 (v, and
vs($=0)); TH NMR (DMSO-Dg, & ppm): 11.78 (br, 1H, -NH-), 8.70
(s, 1H, =NH), 7.70-7.68 (d, phenyl-H), 7.63-7.60 (m, phenyl-H),
3.37 & 3.25 (ss, N-CH3); 13C NMR (125 MHz, DMSO-Dg, 6 ppm):
27.80 (N-CHs), 29.19 (N-CH3), 110.11(CH), 119.96 (CH), 126.46
(C), 147.30 (C), 148.91 (C), 149.73 (C), 151.95 (C=0),
159.15(C=0). Anal. Calcd. for C;,H,gNsNaOgS: C, 34.47; H, 4.37;
N, 16.86, Found: C, 35.05; H, 4.81; N, 16.56.

{[K'(H.L)(H,0)]s-13H,0}, (2)

Potassium(l) coordination polymer 2 was prepared following
the procedure described for 1 but using KOH instead of NaOH.
Yellow needle crystals, yield: 74%; m.p. 295+2 °C; FT-IR (KBr,
selected bands, u cm™). 3451 and 3342 (br, v(O-H) and v(N-H)),
1710 (2C=0), 1624 (*C=0), 1530 (C=C), 1462 (N=N), 1362 & 1123
(C-N), 1206 & 1034 (v,sand v,(S=0)); tH NMR (DMSO-Dg, 6 ppm):
11.77 (br, 1H, -NH-), 8.74 (s, 1H, =NH), 7.66-7.65 (d, phenyl-H),

This journal is © The Royal Society of Chemistry 20xx
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7.60-7.58 (m, phenyl -H), 3.35 & 3.23 (ss, N-CH3); 13C NMR (125
MHz, DMSO-Dg, & ppm): 27.76 (N-CHs), 29.13 (N-CHj),
110.13(CH), 119.88 (CH), 126.42 (C), 147.35 (C), 148.93 (C),
149.76 (C), 151.92 (C=0), 159.14(C=0). Anal. Calcd. for
CosH135NaoKsOg:1Ss: C, 33.90; H, 4.06; N, 16.48, Found: C, 33.29;
H, 3.79; N, 16.24.

{[Ni"Na';(HL);(H;0)s]-6H,0}, (3)

Compound 2 (0.1 mmol) was dissolved in methanol (10 mL). To
the solution, a solid sodium acetate (CH3;COONa, 1.0 mmol) was
added in one portion. The reaction mixture was refluxed at 80
°Cfor 1 h under constant stirring. Then, a solid nickel(ll) chloride
(0.05 mmol) was added in one portion, causing an immediate
change of the color of the reaction mixture from yellow to
reddish brown. The final reaction mixture was refluxed for
additional 2 h. Thereafter, it was cooled down to room
temperature and kept undisturbed for crystallization. After a
few days, a good quantity of crystals was formed. Red block
crystals, yield 78 %; m.p. >300 °C, FT-IR (KBr, selected bands, u
cm) 3472 and 3364 (br, v(O-H) and v(N-H)), 1709 (°C=0), 1665
(4C=0), 1566 (C=N), 1457 (N=N), 1314 & 1125 (C-N), 1195 &
1036 (vis and v4(S=0)); *H NMR (DMSO-Dg, 6 ppm): 7.51 (s,
phenyl-H), 4.62 (s, 1H, -NH), 3.32 & 3.17 (s, N-CH;); 13C NMR
(125 MHz, DMSO-Ds, § ppm): 28.10 (N-CH3), 29.02 (N-CHjs),
118.02(CH), 123.58 (CH), 125.73 (C),141.12(C) 146.64(C),
149.37(C), 151.89 (C=0), 158.25(C=0). Anal. Calcd. for
Cy4Hs5oN1oNiNa;024S,: C, 27.92; H, 4.85; N, 13.57, Found: C,
27.65; H, 5.08; N, 13.70.

X-ray crystallography data collection and structure refinement
Single crystals of compounds 1 and 2 were generated by
recrystallization from their solutions in DMF. Single crystals of 3
were obtained directly from the reaction mixture. A suitable
crystal of each sample was selected and subjected to intensity
data collection at 100(2) K, using a Bruker AXS Kappa APEX-II
diffractometer equipped with a CCD area detector and graphite
monochromatic MoKa radiation (A = 0.71073 A). Cell
refinement and data reduction was performed with Bruker
SAINT?®° software package and absorption effects were
corrected using SADABS.3° The structures were solved with
Olex23! and refined with Bruker SHELXL Software Package.?? In
the course of structural solution and refinement, the space
groups P2;/c with Z =4 for 1, C2/c with Z = 2 for 2, and P-1 with
Z =1 for 3 were used. All the structures were solved by direct
methods or Patterson maps to locate the heavy atoms, followed
by difference maps for the light, non-hydrogen atoms. All the
non-hydrogen atoms were refined with anisotropic thermal
parameters. A summary of the crystallographic data collection
and structural parameters of 1-3 is listed in Table 1. It is

This journal is © The Royal Society of Chemistry 20xx
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noteworthy to mention that for half a mojegule..of 2
(asymmetric unit), the K1 atom has an o€&pEhEH 10 Oliiile
the K2 and K3 atoms have an occupancy of 0.5. Hence, the
overall occupancy for K is 2.0 per asymmetric unit, leading to
four potassium ions in the molecule. Since it was not possible to
see clear electron-density peaks in difference maps which
would correspond with acceptable locations for various water
H atoms in 1 and 2, the refinement was completed with no
allowance for these H atoms in the models.

Topological analysis

To get further insight into the crystal structures and packing
patterns of 1-3, we performed their topological analysis by
applying the concept of the simplified underlying net.?33* The
underlying nets were generated by omitting all the terminal
ligands and reducing all the bridging ligands to the
corresponding centroids, maintaining their connectivity with
metal atoms.

Computational methods

The geometries of the compounds in this study were computed
at the MO06-2X/def2-TZVP level of theory using the
crystallographic coordinates. For all the calculations, we have
used the GAUSSIAN-09 program.?> The Grimme’s dispersion3®
correction as implemented in GAUSSIAN-09 program was also
applied, since it is adequate for the evaluation of noncovalent
interactions where dispersion effects like o-hole interactions
are relevant. The basis set superposition error for the
calculation of interaction energies has been corrected using the
counterpoise method.>” The NClplot®® isosurfaces have been
used to characterize noncovalent interactions. They correspond
to both favorable and unfavorable interactions, as
differentiated by the sign of the second density Hessian eigen
value and defined by the isosurface color. The color scheme is a
red-yellow-green-blue scale with red for p*.: (repulsive) and
blue for p~: (attractive).

Conductivity measurements

The low frequency electrical conductivity of the solid samples of
1-3 was evaluated at room temperature by preparing
cylindrical pellets of the compounds with a diameter of 10 mm
and a thickness of 3 mm.3° Both sides of the pellet were
uniformly painted with a thin layer of silver paste to enhance
the contact between the pellet and the electrodes. The
conductivity was then measured by using Impedance Analyzer
in the frequency range of 20Hz — 1MHz at room temperature.

3. Results and discussion
Synthesis

J. Name., 2013, 00, 1-3 | 3
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Table 1. Crystallographic data and structure refinement for compounds 1-3.
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Empirical formula C;,H1gNsNaOgS (1) Ca4H36N10K;015 555, (2) C,4H50oN1oNiNa;0,4S; (3)
Formula weight 415.36 850.95 1031.55
Temperature/K 100(2) 100(2) 100(2)
Crystal system monoclinic monoclinic triclinic

Space group P2,/c C2/c P-1
a/A 7.7666(7) 35.2528(6) 8.1407(3)
b/ A 10.5350(9) 15.7804(3) 8.7295(3)
c/A 20.5005(17) 13.0890(2) 15.6983(5)
a/° 90 90 78.8978(11)
B/° 90.853(3) 109.9540(10) 79.5625(10)
v/° 90 90 88.0006(11)
Volume/ A3 1677.2(3) 6844.3(2) 1076.60(6)
z 4 8 1
Peag/cm? 1.645 1.652 1.591
pu/mmt 0.276 0.486 0.664
F(000) 864 3536 538

Crystal/size/mm?3

0.08 x0.12x0.18

Radiation MoKa (A=0.71073)
20 range for data collection/® 4.34 - 56
Index ranges -10< h <10,
-13<k <13,
-26< /<27
Reflections collected 3993
Independent reflections 3491 [R;, = 0.1285]
Goodness - of —fit on F? 1.106

Final R indexes[I1>20(1)]
Final R indexes [all data]

Largest diff.peak/hole/e A3

R, =0.0604, wR, = 0.1285
R, =0.0767, wR, = 0.1392
0.527/-0.569

0.02 x 0.04 x 0.28
MoKa (A =0.71073)

0.06 x 0.10 x 0.12
MoKa (A=0.71073)

2.341-30.987 4.76 - 62.22
-51<h<50, -11<h <11,
22<k<22, 12<k<12,
-14</<18 22</<22

59393 24096
10864 [Rin = 0.0646] 6860 [R(int) = 0.0350]
1.062 1.029

R, =0.0474, wR;, = 0.0960
R, =0.0830, wR, =0.1163
0.826/-0.541

R;=0.0373, wR, = 0.0860
Ry =0.0479, wR, = 0.0920
0.80/-0.43

Aiming at the synthesis of a new sulfonated monoazo ligand
(1,3-dimethyl-5-(p-sulfonic-phenylazo)-6-aminouracil, Hsl,
Scheme 1), we attempted a coupling reaction between p-
diazobenzenesulfonic acid and 1,3-dimethyl-6-aminouracil in
the presence of different bases (i.e., NaOH or KOH) for adjusting
pH. Instead of generating HsiL, we isolated two new
homometallic Na(l) and K(I) coordination polymers formulated
as [Na'(HL)(H20)s]n (1) and {[K'(H,L)(H;0)]s-13H,0}, (2) (Scheme
1), which bear the H,L~ blocks generated in situ. Thus, the
presence of —COOH28 or —SOz;H groups at diazobenzene
framework may lead to Na(l) or K(I) CPs of azo-derivatives
depending on a base used (NaOH or KOH). Moreover, a
heterometallic Ni(I1)-Na(l) coordination polymer,
{[INi"Na,'(HL),(H,0)g]-6H,0}, (3), was formed when reacting
compound 2 with NiCl,-6H,0 in the presence of sodium acetate
in MeOH. All the obtained compounds 1-3 were characterized
by standard methods in the solid state (FT-IR spectroscopy,
elemental and TGA analyses, and single crystal X-ray diffraction)

4 | J. Name., 2012, 00, 1-3

and in the solution (UV-vis and NMR spectroscopy). Despite the
generation of products 1-3 was not fully expected, our results
are well reproducible, lead to the same organic functionality in
all compounds, and contribute to the exploration of a new
multifunctional building block (HsL) for the in situ synthesis of
coordination polymers with interesting structural and
functional properties. Besides, the obtained products represent
the first examples of coordination compounds derived from the
present type of 6-aminouracil spacer, as confirmed by a search
of the Cambridge Structural Database.

FT-IR spectra and thermogravimetric analysis of 1-3

The FT-IR spectra 1-3 are displayed in Figures S1-S3 (ESI), while
the selected bands and their assignment are given in the
experimental section. In 1 and 2, the four characteristic bands
for the vc-o (two), ve—c, and vy-y vibrations appear at usual
positions and are comparable with the reported values for
related free ligands,?®2¢ indicating that they are in the form of

This journal is © The Royal Society of Chemistry 20xx
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azo derivatives of uracil in the solid state. In 3, these bands are
in positions typical for nickel(ll) derivatives.?®%e All the
compounds feature two additional bands in the 1229-1029 cm-?!
region, which can be assigned to asymmetric and symmetric
vO=S=0 vibrations.*°

Thermogravimetric analysis (TGA) of 1-3 was performed in
the 30-1040 °C range with a heating rate of 5 °C/min (Figure S4,
ESI). After dehydration (~90-125 °C), the compounds show
thermal stability (~250-310 °C) before undergoing a multistage
decomposition. The residual weights of the sample correspond
to Na,O (exp. 15.90%, calcd. 14.9%) for 1, 4K,0 (exp. 10.45%,
calcd. 11.07%) for 2 and a mixture of NiO+Na,O (exp. 16.44%,
caled. 13.10%) for 3. From the dehydration/decomposition
temperature, it is quite evident that CP 3 has highest thermal
stability than the other two compounds.

Crystal structure and topology

Crystal structures of the compounds 1-3 with atom numbering
schemes are displayed in Figures 1-3, respectively. Bond
lengths and angles are listed in Tables S1-S6 (ESI). Compounds
1 and 2 are homometallic 1D and 3D coordination polymers of
Na(l) and K(l), respectively, wherein 1,3-dimethyl-5-(p-
sulfonate-phenylazo)-6-aminouracil (H,L™) acts as a building
block. Sulfonate group (SOs3’) behaves as a linker at one end,
while another linking functionality is N,,, and/or O of the
main ligand. In 1 (Figure 1), the H,L™ acts as a p-linker via the
monodentate sulfonate-O and the bidentate (Nazo,Ouracit)
functionalities, resulting in the formation of a tooth-like 1D
metal-organic chain (Figure 4A). The six-coordinate Nal center
adopts a distorted octahedral environment filled by two O and
one N donors from two H,L~ moieties and three terminal H,0
ligands. The Na-OH, distances [Na(1)-O(6), 2.355(4) A; Na(1)-
0(7), 2.390(3) A; Na(1)-0(8), 2.284(4) A] are comparable to the
related compounds.?®8 In 1, the Nal-Ogysonate distance [Na(1)-
0(3), 2.368(4) Al is quite short for such a type of
compounds.'?#! The chelation of H,L~ to Na(1) occurs through a
bidentate (N.,0,0uracil) Site; a bite angle is 58.56°. Herein, the
coordination of azo-N to Na(1) is quite unusual [Nal-N2,
3.025(3) Al. The uracil-O and sulfonate-O donors are located in
opposite sites around the Na(1) center and make a nearly linear
angle, [0(2)-Na(1)-0O(3/), 169.12(14)°]. The azo bond length
[N1=N2, 1.274(4) A] is slightly longer than the reported one for
similar ligand systems.28 The C=0 bond [C7-02, 1.240(5) A] is
longer than the C4-O1 [1.241(5) A] bond and the free
uncoordinated ligand values,?® indicating a coordination of the
C=0 group through C7-02 bond to Nal in 1. There are various
hydrogen bonds involving H,O ligands, uracil and sulfonate
oxygen atoms and uracil-NH; group. Uracil and aromatic moiety
of H,L™ possess an almost planar E conformation around the azo
functionality (the corresponding torsion angle is ca. -174°). The
uracil moiety shows the dihedral angles of ca. 26 and 6° with the
metal coordination plane and the phenyl ring, respectively.

In contrast to 1, the structure of {[K'(H,L)(H,0)]s:13H,0}, (2)
is significantly more complex and shows a 3D metal-organic
network (Figures 2 and 5A). There are three crystallographically
distinct K(I) atoms, namely K1 with full occupancy and K2 and
K3 with half occupancy. Per asymmetric unit, there are also two

This journal is © The Royal Society of Chemistry 20xx
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H,L™ moieties that act as ps- and ps-spacers, and one,usH20-3nd
one terminal H,0 ligands. The bondingPemvi?dRMERCBPeting
each type of K(l) is different. The K1 atom is eight-coordinate
and its coordination sphere bears six O-donors coming from five
H,L™ moieties, one p-H,0 and a terminal H,0 ligand (Figure 2A).
The six-coordinate K2 atom features a distorted octahedral
environment that is taken by two terminal H,O ligands and four
O-donors coming from four H,L™ spacers (Figure 2B). The K3
atom is eight-coordinate and its coordination sphere is
composed of six O-donors from four H,L™ spacers and two p-
H,0 ligands. The pgs-H,L~ spacer interconnects four K atoms
(2K1, K2, K3) and acts as a tetradentate ligand with a sulfonate
group adopting a us-bridging tridentate mode (Figure S5A). The
Ms-H,L~ moiety interlinks five K centers (3K1, K2, K3) and acts as
a heptadentate ligand with a sulfonate group adopting

JC

H
[
Pra
0
.s B

Figure 1. ORTEP view of compound 1 (50% probability ellipsoids; symmetry code: 2-x, -
Yoty Yo-2).

Figure 2. ORTEP view of compound 2 with over all coordination about (A) K1 and (B) K2
and K3 (50% probability ellipsoids; symmetry codes: ix, 1-y, -1/2+z; 11/2-x, 1/2+y, 3/2-z;
ii-x,+y,3/2-z). For clarity, disordered atoms and crystallization H,O are not shown.

a Ys-bridging hexadentate mode (Figure S5B). Such a multiple
binding of K atoms by the H,L™ spacers gives rise to a generation
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of a very intricate 3D metal-organic framework (Figure 5A).
Despite similarity in uracil moiety binding to a metal atom,
unlike in 1, the sulfonate group of H,L™ in 2 uses its three O-
atoms for bonding to K(I) centers. The K—Ogyfonate distances vary
in the 2.73-3.19 A, which are much longer than the Na=O.yifonate
distance in 1. In both 1 and 2, one of the azo-N (attached to a
phenyl ring) interacts with the —NH, group of uracil fragment
through H-bonding. In 2, the azo (-N=N-) bond length of
1.282(2) A is comparable with that of the free ligand.28¢

Figure 3. ORTEP view of compound 3 (50% probability ellipsoids, Symmetry codes: '1- x,
1-v, 2-z; 1-x, -y, 1-z) (For clarity disorder and crystal water molecules are deleted)

Compound {[Ni"Na,'(HL),(H,0)s]-6H,0},, (3) is a heterometallic
Ni(l1)/Na(l) 1D coordination polymer (Figures 3 and 6A), which
is composed of the [Ni'(HL),]2~ and [Na,'(pn-H,0),(H,0)6]?* units.
The four-coordinate Nil center adopts a square planar
geometry with a {NiN4} environment, which is filled by four N
donors from two chelating HL?™ ligands. The [Ni"(HL),]%" units
are further interlinked by the [Na,'(u-H,0),(H,0)g]?* blocks
through the uracil-O atoms. Within the disodium(l) blocks, the
Nal atoms are six-coordinate and feature a distorted
octahedral {NaOg¢} geometry, which is maintained by three
terminal H,O ligands, two u-H,0 linkers, and one uracil-O donor.
Unlike in 1 and 2, the sulfonate groups of HL?>" remain
uncoordinated in 3. Within [Ni(HL),]?-, the Ni-N(amino-NH) and
Ni-N(azo—N) bond lengths are comparable with literature
data.?%¢ The azo bond (-N=N-) length of 1.2944(17) A is larger
than the value in the free azo ligand?®® and 2. The coordination
of uracil-O(7) to the Na center can be understood comparing
two exo-cyclic >C=0 bond lengths present in the uracil moiety.
The >C=0 group [C4-07, 1.2181(18) A] which is coordinated to
Nal has a shorter distance than that of the uncoordinated
functionality [C6-06, 1.232(2) A].

To explore the metal-organic network in 1-3, topological
analysis of the simplified underlying nets was performed.3334
Compound 1 reveals a 1D metal-organic network (Figure 4A)
that is assembled from the sodium(l) nodes and p-H,L linkers.
Topological analysis of the simplified 1D underlying chains
(Figure 4B) reveals a uninodal 2-connected net with the 2C1
topology. In the crystal packing pattern, the adjacent chains are
interdigitated and have a tooth-like arrangement. Compound 2
features a very complex 3D metal-organic architecture (Figure
5A), which is driven by three types of potassium nodes (K1, K2,
K3), two types of organic spacers (us- and ps-H,L moieties), as
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well as additional p-H,0 linkers. From a topological perspective,
such a complex framework can be classifieéd 02 pEnEan6d4l
4,4,4,4,8-connected net that has a unique topology (Figure 5B).
It is described by the point symbol of (43.62.8)5(4%.62)3(47.68.813),
wherein the (43.62.8), (4%.62), and (47.6%.8'3) notations
correspond to the

A

Figure 4. Structural fragments of 1. (A) 1D metal-organic chain along the a axis. H atoms
are omitted for clarity, color codes: Na (cyan balls), O (red), N (blue), S (yellow), C (gray);
(B) Topological representation of two tooth-like underlying chains along the a axis,
showing a 2-connected net with a 2C1 topology. Na nodes (cyan balls), centroids of p-
H,L~ linkers (gray).

K2/H,L-, K3/H,L-, and K1(u-H,0)K1 nodes, respectively. An
unprecedented type of this topology was confirmed by a search
of different databases.?334%? The heterometallic Ni(ll)/Na(l)
compound 3 discloses a 1D coordination polymer structure
(Figure 6A). It is assembled from the anionic [Ni(u-HL),]%~ motifs
and cationic [Na,(pu-H,0),(H,0)6]?* blocks that are arranged into
a stair-like chain. Such chains can be topologically classified as a
uninodal 2-connected net with a decorated 2C1 topology
(Figure 6B).

A

Figure 5. Structural fragments of 2. (A) 3D metal-organic framework along the ¢ axis. H
atoms are omitted for clarity, color codes: K (turquoise balls), O (red), N (blue), S (yellow),

This journal is © The Royal Society of Chemistry 20xx
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C (gray); (B) Topological representation of the 3D underlying net showing a pentanodal
4,4,4,4,8-connected framework with the unique topology. K2 and K3 nodes (smaller
turquoise balls), centroids of K1(u-H,0)K1 nodes (larger turquoise balls), centroids of -
and ps-H,L™ nodes (gray).

Figure 6. Structural fragments of 3: (A) 1D metal-organic chain along the a axis. H atoms
are omitted for clarity, color codes: Ni (blue balls), NaK (turquoise balls), O (red), N (blue),
S (yellow), C (gray); (B) Topological representation of two stairs-like underlying chains
along the a axis showing a 2-connected net with a decorated 2C1 topology. K nodes
(turquoise balls), Ni nodes (blue balls), centroids of u-HL? linkers (gray), centroids of p-
H,0 linkers (red).

Theoretical study

The theoretical study was devoted to an analysis of the m-nt
stacking interactions observed in the solid state architectures of
compounds 1 and 2, which are very relevant for the crystal
packing. We have particularly focused our attention to the
influence of the coordination of the ligand to Na and K upon the
n-stacking interaction. At first, the molecular electrostatic
energy (MEP) surfaces of the ligand and its sulfonate sodium
salt have been computed to rationalize the interaction from an
electrostatic point of view (see Figure 7). In the free ligand (HsL,
Figure 7a), the MEP values over the two six membered rings are
+19 kcal/mol (aminouracil ring) and —9.5 kcal/mol (p-sulfonate
phenyl ring). Therefore, one ring of the ligand is electron
deficient (m-acidic) and the other one is electron rich (n-basic),
thus anticipating a strong ability to establish antiparallel -
stacking interactions, which are electrostatically

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

Figure 7. Molecular electrostatic potential (MEP) surfaces of the U?el'vvligratrigeaé'rqlhiwtg

sodium salt (NaH,L). The isosurface value is 0.001 a.u. fhe| MEP eergies @k elegted
points of the surface have been indicated in kcal/mol.

very favoured. The MEP surface of the sodium salt (Na-H,L, see
Figure 7b) shows a similar behaviour exhibiting m-acidic and -
basic rings. However, the MEP value over the aminouracil ring
decreases to +12 kcal/mol (less m-acidic) and that over the p-
sulfonatephenyl ring becomes more negative (more m-basic, —
23 kcal/mol). In Figure 8a we represent a partial view of the X-
ray packing of compound 1 where the formation of the
antiparallel m-stacking interactions is indicated. Since the
structure is polymeric, we have used a theoretical model where
two methanesufonate ligands have been used (see small arrows
in Figure 8b). First of all, we have studied energetically the
formation of this m-stacked dimer (model of the X-ray
structure), which is very favorable AE; = —34.4 kcal/mol in
agreement with the MEP analysis (donor-acceptor interaction).
This large interaction energy confirms the importance of the
interaction in the solid state, likely adjusting the final geometry
of 3D polymer. We have studied the effect of the ligand
coordination to Na on the m-stacking energy by computing two
additional models. First, we have analysed the effect of
eliminating the Na atom that is coordinated by the uracil ring
(see Figure 8c); the resulting interaction energy is slightly
reduced to AE, =—33.1 kcal/mol. This indicates a small influence
of the Na-coordination on the strength of the m-stacking
interaction. Finally, we have eliminated the sodium atom that is
bound to the sulfonate group and added an H-atom (see small
arrow in Figure 8d) to keep the model neutral. The resulting

interaction energy is AEs = —34.0 kcal/mol, thus indicating a
negligible influence of the Na-coordination on the dimerization
energy.

In Figure 9a we represent a partial view of the X-ray packing
of compound 2 where the formation of an infinite 1D column
with antiparallel m-stacking interactions is established. Since the
structure of 2 is also polymeric, we have used a theoretical
model as represented in Figure 9b), where ligand is mono-
coordinated to K. The formation of this m-stacked dimer is
significantly stronger AE; = =59.5 kcal/mol than that computed
for compound 1. This is likely due to the different m-stacking
mode observed in 2, where the overlap between the acidic m-
system and the electron rich m-sulfonate-phenyl ring is
excellent. The overlap is facilitated by the fact that in compound
2 the ligand is not coordinated to the metal via the N-atom of
the azo group. We have also studied the effect of the K
coordination on the m-stacking energy. In Figure 9c we
represent an additional model where the K atoms have been
substituted by H atoms. As a result, the interaction energy is
significantly reduced to AEs = —52.4 kcal/mol, thus indicating
that the ligand coordination to K reinforces the m-stacking
interactions.

We have also computed the “Noncovalent Interaction plot”
(NClplot) index in order to further characterize the antiparallel
n-stacking interactions in the dimers of compounds 1 and 2. The
NClplot is an intuitive visualization index that enables the
identification of non-covalent interactions easily and efficiently.
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The NClplot is convenient to analyse host—guest interactions
since it clearly shows which molecular regions interact. The
colour scheme is a red-yellow-green-blue scale with red
(repulsive) and blue (attractive). Yellow and green surfaces
correspond to weak repulsive and weak attractive interactions,
respectively. The representations of the NClplot index for both
compounds are shown in Figure 10. The NClplot reveals the
existence of a green and extended isosurface between the m-
systems of the organic ligands in both compounds, thus
characterizing the m—t interaction. Interestingly, in compound
2 the isosurface is clearly more extended and completely
embraces both rings and the azo linker. The shape of the
NClplot isosurfaces agrees well with binding energies
commented above for compounds 1 and 2.

@ N ®
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»
.
1 i mnizss

& -
— WX, e
»
Tk |9 Na)
‘,. - AE1=-344 I
/ 1= kcal/mol
1, X-ray
\
© (e @ .
1 B 1 | .
\

AEz =-33.1 keal/mol AE3 =-34.0 kealimol

Figure 8. (a) Partial view of the X-ray solid state structure of 1. H-atoms omitted for
clarity. (b-d) Theoretical models used to evaluate the interaction energy. Distances in A.
H-atoms omitted for clarity apart from those belonging to the sulfonic acid.

(a) 1

(U

AE4=-595 keal/mol

AEs = -52.4 kealimol X

Figure 9. (a) Partial view of the X-ray solid state structure of 2. H-atoms omitted for
clarity. (b,c) Theoretical models used to evaluate the interaction energy. Distances in A.
H-atoms omitted for clarity apart from those belonging to the sulfonic acid.

Figure 10. NCI surfaces of the dimer of compounds 1 (a) and 2 (b). The gradient cut-off
is s =0.35 au, and the color scale is -0.04 < p < 0.04 au.
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Solution behavior: NMR and UV-vis studies View Article Online
It is evident that the solid state monod20!dériVativesenass-
dimethyl-6-aminouracil exist in hydrazone form in solution,
whereas their Ni(ll) complexes are in the azo-form both in
solution and solid state.?® The 'THNMR spectra in DMSO-D; of
1-3 are given in Figure S6 and S7 (ESI). The compounds 1 and 2
exist in hydrazone form in solution and show the hydrazone
(=N-NH-) and imine (=NH-) proton signals at 11.79 & 11.77
(Figure S6A) and 8.71 & 8.74 ppm (Figure S7), respectively. In
compound 3 (Figure S6B), these two proton signals are
absolutely absent; instead, a coordinated deprotonated amino
(-HN->) proton signal (broad) appears at 4.62 ppm and supports
that it exists in azo-form, as in the solid state, with a square-
planar [Ni(HL),]> unit. The other protons are in usual
positions.?® The 13C NMR signals of the compounds 1-3 are also
concomitant with the reported values (Figures S8-5S10, ESI).

The UV-vis spectra of 1-3 were recorded in different
solvents including MeOH, EtOH, DMF, and DMSO (Figures S11-
S13, ESl). The spectra of 1 and 2 show a broad absorption band
(363 nm - 373 nm) for overlapping nm->n* and n->n*
transitions,?® and a weak band at 270 nm for m->nt* transition
of the aromatic moiety. Compound 3 exhibits three well defined
bands at 271, 334, and 423-439 nm, as well as a weak shoulder
centered at 580 nm. The longer wavelength bands could be
attributed to an intra-ligand charge transfer (ILCT)
transition.28<f Thus, the solution studies evidence that the CPs,
1-3 disaggregate in the solution to produce simple molecular
units.

Electrical conductivity

Solid state low frequency electrical conductivity of the
compounds 1-3 was measured by impedance spectroscopy.
This method represents a well established technique used for
evaluating electrical conductivity (o) of a material. The Nyquist
plots of the real and the imaginary parts of the complex
impedance (Z) as a function of frequency (w) were built up over
a 20 Hz —1 MHz range of frequency, using the conductivity data
of all compounds (Figure 11A-C). Moreover, the maximum real
Z' value represents the contribution of combined series and
parallel resistances to the capacitor. Hence, the equivalent
circuit of the device can be represented by a single parallel
resistor Rp and capacitor Cp network with a series resistance Rs,
as shown in the Figure 11D. The impedance spectra for 2 and 3
(Figures 11B-C) are semicircles, whereas it is a part of semicircle
for 1 (Figure 11A). The intercept of semicircle on the real Z' axis
expresses the bulk resistance of a material. Accordingly, it is
primarily suggested that the compound 1 (Na 1D-CP) is a better
conducting material (shows lower resistance) than the
compounds 2 and 3. Thereafter, the impedance spectra have
been fitted using the following equation,® Eq. 1.

Ry
Z=Rs+——— (¢))
1+ (jwR,CpH)*

Herein, the exponent a is a distribution of relaxation times and
w is the angular frequency. The fitted curves are well matched
with the experimental plots (Figures 11A-C), indicating a
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narrow distribution of relaxation times with the least dielectric
loss. The fitted values from the impedance spectra could be
used for evaluating low frequency impedance data (i.e., Z(0) =
Rs + Rp; resistance of the device). The Rs values (alternatively
called the contact resistance between the compound and the
electrode interface) of the compounds are 1.08x103 ohm for 1,
32.99x103 ohm for 2, and 484.01x103 for 3.

The dielectric property of the compounds as a function of
frequency at room temperature was then evaluated. Like R, the
impedance data could be used to calculate the frequency
responsive real (€') and imaginary (g”) parts of the dielectric
constants of the compounds, using the following equations*!
(Egs. 2 and 3). The symbols A, d, and g, are denoted as the
device area (3.0x10* m2), sample thickness (3.0x103 m), and
permittivity in vacuum.

_ ImZ

- medOA|Z|2 (2)

'

" Real Z
€' =i (3)
rmd

The plots of real part of dielectric constant (g’) vs. frequency of
the compounds are shown in Figure 12A. The low frequency
dielectric constant of the compound 1 is 7.4x10° at 20 Hz which
is ~60 times greater than that of the compound 2 (1.18x10%) and
is negligible for compound 3 (5.4x102).
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Figure 11. Nyquist plot of impedance(Z), real Z' vs Im Z" for 1 (A), 2 (B), and 3 (C); circuit
diagram (D).

Nevertheless, the dielectric losses could be correlated with the
conductivity (o) of all compounds by the equation,?? Eq. 4.

6" = jeqwe™ = jegw(e — je') = ggwe” + jegwe' (4)

The real part of o* is represented as og. The low frequency
conductivity (o at 20Hz) of the compounds has been estimated
from the o vs frequency plot as depicted in Figure 12B-D and
tabulated in Table 2. The og at 20Hz for the compounds 1, 2, and
3 are 2.2x10%, 7.2x10°, and 4.8x107 S cm™?, respectively. These
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values are comparable to those of classic salid;statecion
conductors (103 to 108 S cm™1).%3 The reddits Evidete8tHalt'Ethe
electrical conductivity of 1 is far greater than that of 2 which is
again better conductive than 3.
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Figure 12. The plots of (A) dielectric loss with frequency (Hz); (B-D) conductivity vs
frequency for the compounds 1 (B), 2 (C), and 3 (D).

Table 2. Conductivity data for 1-3.

Compound Rs (ohm) € at 20 Hz or, Scmtat 20
Hz
1 1.08x103 7.4x10° 2.2x10*
2 32.99x103 1.18x10* 7.2x10°®
3 484.01x103 5.4x10? 4.8x107

The conductivity data of the compounds 1-3 can be correlated
with the coordination modes of the sulfonate group of the
ligand, 1,3-dimethyl-5-(p-sulfonate-phenylazo)-6-aminouracil
(HsL). From the structures (Figures 1-3) and conductivity data
(Table 2) it can be realized that the binding of the sulfonate
group is essential for enhanced conductivity, and the
coordination of sulfonate group in a monodentate fashion
(compound 1) is more effective than the multiple bridging mode
(compound 2) or the non-coordination (compound 3). The
order of conductivity in the studied compounds reveals the
1>>2>3 trend. From the MEP study (Figure 7) it can be seen that
the ligand possesses the positive (uracil moiety) and negative
(phenyl moiety) potentials in an intramolecular form, which are
conjugated via the azo (-N=N-) functionality. Given these
opposite charges and considering a linkage between sulfonate-
O donor and the metal center [Na(l) for 1 and K(I) for 2], the
charge transfer may take place through the conjugated
coordination polymers, resulting in the development of
conductivity in them. Further theoretical study of the solid state
structures 1 and 2 shows that they possess anti-parallel m-1t
stacking interactions in different modes. In 1, the uracil moiety
(t*) stacks with the azo (1t) group, leaving the sulfonated phenyl
() group intact, whereas in 2 the uracil moiety (rt*) stacks with
the sulfonated phenyl (1) group in anti-parallel manner. Such
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types of m-mt stacking interactions are generally described as
electrostatic in nature that could reduce the conductivity.*®

There are various reports on conductivity of sulfonated
derivatives. Zheng and Zhu'® measured electrical conductivity at
room temperature in the range of 1.2x10°—-9.89x108Scm™on
the systems composed of silver-sulfobenzoate/N-donor ligands
and demonstrated that the Ag-Ag, Ag-m, -, and hydrogen
bonding interactions lead to the formation multidimensional
polymeric networks and play an important role for electron
transfer. Wei et. al.?° evaluated the proton conductivity values
of sulfonated Cu(ll)-based coordination polymers and found the
conductivity in the 102 to 10* S cm™ range. Noor et. al.*®
reported ionic conductivity of ionomers based on polymeric
sulfonated derivatives and alkyl-ammonium/sodium salts and
demonstrated that the ionic quaternary ammonium cation is
necessary to reduce the electrostatic interchain interactions.
The electrical conductivity through the polymeric chain in 2,
which has electrostatic force guided nt-it stacking interactions in
exact anti-parallel manner, may therefore experience more
hindrance if compared to 1. As a consequence, the conductivity
of 1 is significantly higher than that of 2.

4. Conclusions

In the current work, we have assembled and fully characterized
two homometallic alkali metal containing coordination
polymers derived from a sulfonated monoazo 6-aminouracil
derivative (HsL) as a promising building block. In addition, a
related heterometallic Na/Ni coordination polymer has also
been generated. All the products 1-3 bear the same
multifunctional organic spacer and were assembled in situ with
no need for the isolation of an organic building block (HsL). The
presence of a sulfonate/sulfonic acid group in the ligand and its
different coordination modes turns all three compounds to be
structurally different. In fact, their structures range from 1D
coordination polymers (Na derivative 1 and Na/Ni derivative 3)
to a 3D metal-organic framework (K derivative 2). The obtained
compounds were topologically classified, allowing an
identification of a very complex and topologically unique 3D net
in 2. The sulfonate group and one uracil-O donor play a
particularly important structure-guiding role, and are
responsible for the formation of coordination polymer
networks. As an example of functional properties of the
obtained compounds, electrical conductivity was studied
revealing their semi-conductive nature at room temperature.
The conductivity of 1 (2.2x10* S cm™) is indeed very promising,
indicating that this Na(l) coordination polymer can be
considered as a low frequency semiconductor. Besides, all the
obtained products represent the first coordination compounds
derived from a new multifunctional 6-aminouracil ligand (HsL)
as attested by a search of the Cambridge Structural Database.
Apart from this structural novelty, the present work also
contributes to the synthesis of new coordination polymers
driven by multifunctional ligands that exhibit promising
structural, topological and conductivity features.
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