View Article Online

View Journal

M) Cneck tor updates

CrystEngComm

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: M. Bazargan, M.
Mirzaei, A. S. Hamid, Z. H. Kafshdar, H. Ziaekhodadadian, J. T. Mague, E. Momenzadeh, D. M. Gil, R. M.
Gomila and A. Frontera, CrystEngComm, 2022, DOI: 10.1039/D2CEQ0656A.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

CrystEngComm

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
o sockre shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY rsc.li/crystengcomm
OF CHEMISTRY

(3


http://rsc.li/crystengcomm
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d2ce00656a
https://pubs.rsc.org/en/journals/journal/CE
http://crossmark.crossref.org/dialog/?doi=10.1039/D2CE00656A&domain=pdf&date_stamp=2022-09-02

Page 1 of 10

Published on 02 September 2022. Downloaded on 9/3/2022 7:18:51 AM.

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

CrystEngComm

View Article Online
DOI: 10.1039/D2CE00656A

On the importance of n-stacking interactions in the complexes of
copper and zinc bearing pyridine-2,6-dicarboxylic acid N-oxide
and N-donor auxiliary ligands

Maryam Bazargan?, Masoud Mirzaei®*, Abdul Samad Hamid®", Zahra Heydaralizadeh Kafshdar?",
Hoda Ziaekhodadadian®', Elham Momenzadeh??, Joel T. Mague,® Diego M. Gil,© Rosa M. Gomila¢,
Antonio Fronterad*

Three coordination complexes  {[Cu(pydco)(pz)os(H,0)]-H,0}, (1), [Cu(pydco)(phen)(H,0)]-:2H,0 (2), and
[Zn,(pydco)(phen),Cl,]-2H,0 (3) have been synthesized at room temperature using a mixed-ligand system including pyridine-
2,6-dicarboxylic acid N-oxide (H,pydco) as O-donor as well as pyrazine (pz) and 1,10-phenanthroline (phen) as N,N'-bidentate
donors. Single-crystal X-ray diffraction (XRD) revealed that 1 forms a 1D-coordination polymer through bridging pz units
while 2 and 3 form discrete complexes in which endo-bidentate phen can only connect with one metal centre via a five-
membered chelate ring. Also, pydco?™ can form a six-membered chelate ring around the metal ion via the N-oxide oxygen
and one carboxylate oxygen. However, another carboxylate group of this ligand can also participate in the coordination and
create unique structures in 1 and 3. Subsequently, 1-3 can expand their structures into 2D-supramolecular networks through
-1t stacking or H-bonding interactions. Recurrent m--1t stacking motifs in all compounds have been further analyzed
energetically using DFT calculations and characterized using the quantum theory of “atoms-in-molecules” (QTAIM) and

noncovalent interaction plot (NCIPlot) index computational tools. In compound 3, cooperativity effects in mt--r/m-m/m---1

assemblies have been also analyzed.

Introduction

Coordination compounds, as an important class of metal-
containing materials, have been investigated for many years
and can be classified into discrete and polymeric forms.
Generally, the design and synthesis of engineered complexes
require knowledge of the geometry, functional groups, and
binding sites of organic ligands as well as the size and
coordination behavior of metallic centres. Organic ligands can
be divided into groups based on their rigid or flexible skeleton,
neutral or ionic nature, chelate/bridge property, soft or hard
donor atoms, and position(s) of functional groups.’ Another
important that tool can have a great influence on the final
structure is the possibility of the formation of non-covalent
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interactions such as H-bonding and n-stacking interactions and
their interplay that can promote the structural dimensions of
the compounds.*-®

Despite employing a vast variety of ligands in the synthesis of
new compounds, O/N-donor ligands are among the most
frequent examples. Mostly, N-donors contain exo- and endo-
N,N'-bidentate donors. In the former, ligands such as pyrazine
and 4,4'-bipyridine can generate coordination polymers by
forming a bridge between metal centres.” However, latter
ligands including 1,10-phenanthrolin and 2,2'-bipyridine can
form only chelate rings with metal ions thus preventing the
formation of high dimensional frameworks so they are also
known as terminators.8 Among O-donor ligands, pyridine-based
carboxylate ligands are responsible for creating thousands of
compounds known not only for their structural diversity but
also for their wide variety of applications in many fields from
catalysts,>'® luminescence,'12 gas adsorption!3'* to their
antiproliferative activities.!>'® For several years, pyridine-2,6-
dicarboxylic acid (H,pydco) has received considerable attention
due to the symmetric position of its carboxylate groups on each
side of the pyridine ring which can form 5-membered chelate
rings or bridge with neighboring metal centres. Up to now,
numerous metal-organic complexes, cocrystals, and salts based
on this ligand have been reported. However, its N-oxide
analogue, pyridine-2,6-dicarboxylic acid N-oxide (H,pydco), is
still in its early stages as a ligand (with less than 40 structures
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reported?’) and the main focus is mainly on the synthesis and
crystal habit of new structures, while systematic studies on the
effects of the auxiliary ligands have not been yet explored.

In continuation of our previous work with based-oxide-N
carboxylate compounds,'®23 we have chosen pyrazine (pz) and
1,10-phenanthroline (phen) as based-donor-Nligands to survey
the effect of the bridging and chelating behavior in terms of
structural expansion. H,pydco is also found to show diverse
coordination modes (chelate and bridge) so it was further
anticipated that it might show interesting structural properties
due to its O-donor nature.?023

In the recent past, transition metal complexes have been
synthesized using H,pydco as primary ligand and bpy or other
bridging N-donor as auxiliary ligands '>16, However, according
to the CSD survey, examples containing phen and pz as auxiliary
ligands have not yet been reported. Here, we report the
synthesis and crystal description of three coordination
complexes containing H,pydco ligand which are formulated as
{[Cu(pydco)(pz)o.5(H,0)]-H,0}, (1),
[Cu(pydco)(phen)(H,0)]-2H,0 (2) and
[Zn,(pydco)(phen),Cl;]-:2H,0  (3). Also, DFT calculations
combined with QTAIM and NClplot analyses have been used to
investigate the recurrent mn---mt stacking motifs observed in the
solid state of all compounds and to study cooperativity effects
in compound 3.

Experimental
Materials and instruments

All chemicals and solvents were purchased from commercial
sources and used without further purification, except for
pyridine-2,6-dicarboxylic acid N-oxide (H,pydco) which was
synthesized according to a reported method 24. Melting points
were determined using a Barnstead Electrothermal 9300
apparatus. The infrared spectra were recorded in the range of
4000-400 cm™ on a Thermo Nicolet/AVATAR 370 Fourier
transform spectrophotometer using KBr pellets. Elemental
analysis (CHN) was performed using a Thermo Finnigan Flash-
1112 EA microanalyzer. Metal content was measured by the
Spectro Arcos ICP-OES spectrometer model 76004555 using in
the range of 130-770 nm for ICP spectra. Thermogravimetric
analysis (TGA) was carried out under an air atmosphere from
ambient temperature up to 1000 °C with a heating rate of 10 °C
min? on SDT Q600 SPECIFICATIONS and Shimadzu TGA-50
instrument.

Synthesis and characterization

Synthesis of 1. A mixture of H,pydco (0.02 g, 0.1 mmol) and pz
(0.01 g, 0.1 mmol) in distilled water (6 mL) was stirred at room
temperature for an hour. Then a solution of CuCl,.6H,0 (0.02 g,
0.1 mmol) in 3 mL of distilled water was added to the reaction
mixture, and stirring was continued for a further 4 hours. The
resulting mixture was filtered and kept at room temperature for
slow evaporation. After a day, blue diamond-like crystals were
obtained in 95% yield (85 mg) based on H,pydco (m.p. 161 °C).
Anal. Caled. For CsHi>CuN,O5 (%): C, 33.70; H, 2.81; N, 8.73.
Found: C, 33.98; H, 2.59; N, 7.63%. FTIR (KBr pellet, cm %)
3468.36, 3389.02, 3124.04, 3088.56, 3063.77, 1643.74,
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1620.32, 1596.00, 1474.47, 1421.42, 1410.99,,,139551,
1364.14, 1244.34, 1191.89, 1158.84, 112084101067/27C523613,
858.65, 832.93, 780.22,717.49, 619.62, 548.47,472.21, 452.80.
Synthesis of 2. Compound 2 was prepared similarly to 1, except
that phen (0.04 g, 0.2 mmol) was used instead of pz. Blue
needle-like crystals of 2 were obtained after 7 days by slow
evaporation of the reaction mixture in a48 % vyield (45 mg)
based on H,pydco (m.p. 203 °C). Anal. Calcd. For C;9H;7CuN30g
(%): C, 47.65; H, 3.58; N, 8.77. Found: C, 46.70; H, 3.44; N, 8.62.
FTIR (KBr pellet, cm™): 3401.56, 3084.20, 1698.79, 1631.98,
1584.36, 1523.06, 1428.77, 1344.26, 1276.16, 1179.92,
1079.46, 1032.64, 852.01, 771.59, 722.94, 686.94, 444.15.
Synthesis of 3. Compound 3 was prepared similarly to 2, except
that ZnCl,.6H,0 (0.03 g, 0.10 mmol) was used instead of
CuCl,.6H,0. Colorless hexagonal crystals of 3 were obtained in
62 % vyield (60 mg) based on phen after 10 days by slow
evaporation of the reaction mixture (m.p. 247 °C). Anal. Calcd.
for C31H,3C1LNsO52Zn,: C 48.78; H 2.98; N 8.99. Found: C 48.38; H
2.99; N 8.21%. IR bands (KBr pellet, cm™): 3740.3, 3424.8,
3351.2, 3162.7, 3073.9, 3053.7, 1738.2, 1637.8, 1516.5, 1425,
1353.7, 1246.2, 1221.6, 1198.3, 1143.1, 1103.6, 909.9, 847.3,
786.9, 722.7.

X-ray structure determination

Crystals of 1-3 were mounted on polymer loops with a drop of
heavy oil and placed in the cold nitrogen stream on the
diffractometer (Bruker Smart APEX for 1 and 3 and Bruker D8
Quest for 2). Intensity data were collected under thecontrol of
the APEX3 software package [30] and the raw data were
converted to F? values with SAINT?> which also performed
global refinements of the unit cell parameters. Corrections for
absorption and merging of equivalent reflections were
performed with SADABS?> (for 1 and 3) or TWINABS?®¢ (for 2).
The structures were solved by dual space methods (SHELXT?7)
and refined by full-matrix, least-squares procedures (SHELXL?8).
For 2, the best crystal that could be obtained consisted of
several components in random orientations with respect to one
another. Based on the number of reflections attributed to each
of these components, three components accounted for the
majority of the measured diffraction maxima and were used in
the structure determination. In the final stages, trial
refinements were run using the one-component (major)
reflection file extracted from the full data set with TWINABS and
using the full, three-component reflection file. The results
showed the former refinement to be more satisfactory although
because of the poor crystal quality, the final structure, while
clearly correct, is of low accuracy. Most hydrogen atoms were
located in difference maps and were included as riding
contributions in idealized positions.

Theoretical methods

The interaction energies of the assemblies studied herein were
evaluated at the RI-BP86-D3/def2-TZVP%*-3! |evel of theory by means
of the Turbomole 7.0 program3? and using the crystallographic
coordinates. The D3 dispersion® correction scheme was used to
correct the DFT interaction energies because it is convenient for the
evaluation of noncovalent interactions where n-stacking interactions
are studied. The QTAIM33 and NClplot3* analyses were used to

This journal is © The Royal Society of Chemistry 20xx
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characterize the NCls using the RI-PB86-D3/def2-TZVP wavefunction.
Both the QTAIM and NClplot analyses have been performed using
the Multiwfn program?3® and represented using the VMD visualization
software.3®

Table 1. Crystallographic data and structure refinements for 1-3.

1) () 3)

Emp. formula CyH;CuN, 04 Cy9H13CuN3O6:2  C34H19ClNsOsZ
H,0 (H,0) n,-2(H,0)

Formula weight 320.72 478.89 779.18

(g/mol)

Crystal system, Triclinic, Orthorhombic, Orthorhombic,

space group Pi Pca2, Fddd

Temperature (K) 150 125 100

a(A) 8.1997 (8) 10.9875 (2) 18.8851 (18)

b (A) 8.2594 (8) 12.2930 (2) 20.5134 (19)

c(A) 9.3849 (9) 27.5133 (5) 31.983 (4)

al(?) 83.570 (1)

B(°) 74.962 (1)

v (°) 64.832 (1)

Density (A3) 555.55 (9) 3716.20 (11) 12390 (2)

z 2 8 16

Radiation type Mo Ka Mo Ka Mo Ka

Abs. coeff. (mm™1) 2.00 2.18 1.78

Crystal size (mm) 0.34x0.26x 0.17x0.13 x 0.44 x 0.39 x
0.16 0.04 0.19

Tovins Tonax 0.62,0.74 0.70, 0.92 0.51,0.73

No. of measured, 10786, 2976, 6975, 6975, 58623, 4394,

independent and 2685 6682 3948

observed [/ > 20(/)]

reflections

Rint 0.027 0.049 0.040

(Sin 8/A)max (A1) 0.690 0.618 0.698

RIF? > 20(F?)], 0.025,0.075, 0.026, 0.075, 0.029, 0.081,

WR(F?), S 1.16 1.04 1.07

No. of reflections 2976 6975 4394

No. of parameters 172 560 214

H-atom treatment H-atom H-atom H-atom
parameters parameters parameters
constrained constrained constrained

DPrmaxs Dpmin (€ A3)  0.50, -0.35 0.63,-0.38 0.59, -0.29

CCDC 1934941 2125119 1861399

Hirshfeld surfaces calculations

Hirshfeld surface analysis and their associated two-dimensional
fingerprint plots are very useful methods for studying
intermolecular interactions that are responsible for the crystal
packing of organic and inorganic compounds.3’3° The
visualization of the intermolecular contacts in the crystal
structure of complexes 1-3 was carried out by using the
CrystalExplorer 21 software.*® The normalized contact distance
(dnorm) Was calculated by using two distances d. (the distance
from the point to the nearest nucleus external to the surface),
d; (the distance to the nearest nucleus internal to the surface)
and the van der Waals (vdW) radii of the atoms involved in the
intermolecular contact. The d,om Values obtained from
Hirshfeld surface analysis allow us to identify the different
regions participating in the intermolecular interactions.
Graphical plots of the Hirshfeld surfaces mapped with thed,om
function show a color code of red (shorter contacts), white

This journal is © The Royal Society of Chemistry 20xx
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(contacts around the sum of vdW radii of atoms), and blue
(longer contacts). The Hirshfeld surfacesPwer8 MEdp&er overoa
dhorm range of -0.35 a.u. (red) to +0.55 a.u. (blue) and shape
index of -1.0 a.u. (concave) to +1.0 a.u. (convex). The 2D
fingerprint plots were displated using the standard 0.6-2.4 A
range for 1 and 2, and the translated 0.6-2.8 A range for 3,
including reciprocal contacts.

Results and Discussion
Synthesis

Following our interest in based-oxide-NVN carboxylate
compounds, we have continued our work with the synthesis of
three new transition metal complexes of H,pydco and an N-
containing auxiliary ligand. Blue diamond-like crystals of 1 were
obtained by reaction of Hpydco and Cu?* in the presence of 1,4-
pyrazine under mild conditions (Scheme 1). To investigate the
influence of the auxiliary ligand on the structural diversity, 1,10-
phenanthroline was used in 2. Finally, to explore the influence
of a different metal on the final structure, afurther reaction was
carried out using zinc cation under the same conditions. In the
resulting compound 3, a discrete complex was observed
(likewise 2) and despite several attempts to obtain suitable
crystals with zinc, H,p,ydco, and 1,4-pyrazine, only amorphous
precipitates were formed. Also, powder X-ray diffraction further
demonstrated the bulk purity of compounds 1-3 (Fig. S1).

HO.

CuClz.6H20
ZnClz.6H:0

(3)

Scheme 1. (Left) Synthetic route of 1-3. (Right) photographs of the crystal morphology
of 1-3.

IR spectra

The infrared spectra of 1-3 showed broad and strong bands at
3000-3500 cm™ which can be attributed to water molecules.
Also, all compounds have strong bands in the ranges 1631-1643
cm™ and 1344-1364 cm™?, indicating that these structures
contained coordinated carboxylate groups and these bands
which attributed to their asymmetric and symmetric stretching
modes, respectively (Fig. S3-S5). In comparison with free
H,pydco (1754 and 1421 cm™?) (Fig. S2), the strong asymmetric
and symmetric stretching vibrations of the COO~ group in 1-3
are shifted to the lower wavenumbers, which confirms the
coordination mode of this group. However, the strong band at
1698 cm~ in 2 can be assigned to the uncoordinated carboxyl
group of the H,pydco. Finally, the absorption bands in the 1179—
1198 cm™'region are attributed to the N-O stretching vibrations
of the pyridine-N-oxide. 4
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Thermogravimetric analysis

The thermal stability of 1-3 was studied by thermogravimetric
analysis (TGA) under an air atmosphere. TG curve of 1 showed
two weight-loss (Fig. S6) in which at temperatures between 25
and 115 °C two uncoordinated and coordinated water
molecules are removed amounting to 11.30 (calcd 11.25 %) and
the second step occurrs from 210 to 460 °C, due to the
combustion of the pydco?~ and pz ligands with a weight loss of
68.15 (calcd. 68.43 %). For 2, the TG curve exhibits three weight
loss steps (Fig. S7), at the first step (between 25 to 108 °C) three
uncoordinated and coordinated water molecules are removed
with a weight loss of 11.16 (calcd. 11.29 %). Then, at the second
and third steps (between 125 and 450 °C), the decomposition of
the one pydco?~ and one phen ligands with a weight loss of
74.76 (calcd. 75.10 %) occurred. For 3, three weight-loss stages
can be seen (Fig. S8). The first stage occurs between 25 and 135
°C which corresponds to the removal of two uncoordinated
water molecules amounting to 4.55 (calcd 4.63 %), the second
and third stages, occurring between 160 to 440 °C, are
attributed to the decomposition of the one pydco?-, two Cl-and
two phen with a weight loss of 22.50 (calcd. 23.21 %), 9.45%
(calcd. 9.01 %) and 46.16% (calcd 46.33%).

Structure description of 1-3.

Single-crystal XRD and structure refinement details are
summarized in Table 1. Crystallographic details can be found in
the CIF files which are available free of charge from the
Cambridge Crystallographic Data Centre CCDCY” (1934941,
2125119, and 1861399). Structural analysis indicates O-donor
pydco?~ with bridging N-donor (pz) creates a coordination
polymer in 1, while with the terminator N-donor (phen) forms
discrete complexes in 2 and 3 (Fig. 1). Selected bond distances
and angles and a list of H-bond geometries are reported in
Tables S1 and S2 (in the Electronic Supplementary Information
file).

Structural description of 1

Complex 1 has a polymeric structure
{[Cu(pydco)(pz)os(H,0)]-H,0}, and its asymmetric unit is
formed of one Cu?*, one pydco?, and half of the pz as well as
one coordinated and one uncoordinated water molecule (Fig.
1la). Each copper centre shows distorted square-pyramidal
coordination geometry*? with a CuNO, formula in which the
axial position is occupied by Oyater, and the equatorial positions
are occupied by N2 from pz, O1, and O5 carboxylate oxygens
from two pydco?- ligands, and Op.oxige (Fig. 1). As shown in Fig.
2, two adjacent monomers are bridged by carboxylate groups
to form centrosymmetric building blocks consisting of twelve-
membered rings (Cul--Cul: 5.82 A). These building blocks are
connected to each other by pyrazine bridges to generate a 1D
polymeric chain propagating in the (110) plane with the mean
plane of the chain inclined by 24.7(1)° to (110) (Fig. 2). Finally,
slipped, m-m stacking interactions (centroid---centroid =
3.7496(9) A; interplanar spacing = 3.3366(6) A, slippage = 1.71
A) between aromatic rings link neighbouring 1D chains to each
other to create 2D layers parallel to the ac plane (Fig. 3). The
layers are connected by inversion related O7-H7B:--Od4iii
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hydrogen bonds (Table S2) to form the full suprameleeular
structure (Figs. S9 and S10). DOI: 10.1039/D2CE00656A

HIA

(a) 5

Fig. 1. (left) Asymmetric units of 1 (a), 2 (b), and 3 (c) with selected atoms labeled
(uncoordinated water molecules in 2 were omitted for clarity). (right) Coordination
geometry around the metal centre.

Fig. 2. (top) Building block of 1 with a twelve-membered ring (Cul--Cul: 5.82 A).
(bottom) 1D chain along the a-axis. Uncoordinated water molecules are omitted for
clarity. Color code: Cu, dark blue; C, grey; N, light blue; O, red; H, white.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. 2D representation of 1 projected onto the ac plane formed by m-stacking
interactions. Color code: Cu, light blue; C, grey; N, dark blue; O, red; H, white. Space-
filling portions illustrate the m-stacking interactions.
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Structural description of 2

Complex 2 has a monomeric structure and its asymmetric unit
is composed of two [Cu(pydco)(phen)(H,0)] moieties and four
uncoordinated water molecules (Fig. 1b). Both copper centres
have distorted square pyramidal coordination geometry with a
CuN,03formula in which the axial position is occupied by Oyater,
and the equatorial positions are occupied by two nitrogen
atoms of phen, and one carboxylate and the N-oxide oxygen
atoms of pydco?~ (Fig. 1b). Molecules containing Cul together
with the lattice water molecules containing 014 and 015 are
connected by O6-H6B- - - 015/, 014-H14A- - -05, 014-H14B- -

04Vl and 015-H15B - - - 04 hydrogen bonds (Table S2) into
layers of molecules parallel to (100). These are reinforced by 1t
interactions between the C13=02 group of the chelating
carboxylate group and the N1/C1/C2/C3/C4/C12 ring of the
phen ligand at x, -y+%, z-% (02---centroid = 3.292(13) A,
C13---centroid = 3.434(18) A, C13=02---centroid = 85.7(10)°. For
molecules containing Cu2 and lattice water molecules
containing 013 and 016, layers also parallel to (100) are
generated by O12—-H12A - - - 016, 012—-H12B - - - 016/, O13—
H13A - - - O11, O13-H1lb - - - O10Y and O16-H16A - - - 010
hydrogen bonds (Table S2). Accompanying these are m
interactions between C32=08 and the
N5/C20/C21/C22/C23/C31 ring of the phen ligand at x, -y+3/2,
z-% (08---centroid = 3.272(15) A, C32---centroid = 3.374(16) A,
C32=08:--centroid = 84.0(10)°) (Fig. 4). Neighboring layers are
connected by the C—H---it(ring) interactions C9—H9---Cg15 and
C28-H28:--Cg4 where Cg4 and Cgl5 are the centroids,
respectively, of the N2/C10/C9/C8/C7/C11 ring at x, y, z+1 and
the C23/C24/ C25/C26/C30/C31 ring at x, -y+3/2, z-¥% (
H9---Cg15 = 3.31 A, C9-H9---Cgl5 = 154°, H28---Cg4 = 3.27 A,
C28-H28:--Cg4 = 152°) (Fig. 5). Two additional views of the
supramolecular structure of 2 are presented in Figs. S11 and S12
while the individual hydrogen bond patterns are shown in Fig.
S13.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. A portion of three layers of molecules of 2 with O—H - - - O hydrogen bonds are
depicted by dashed lines. Molecules containing Cul are in the central layer with those
containing Cu2 in the outer layers.

Fig. 5. A portion of two layers of molecules in 2 showing the C28—-H28:--Cg4 interaction
as an orange dashed line with the H28::-Cg4 distance labeled. The O-H* -
bonds are depicted by red dashed lines.

0 hydrogen

Structural description of 3

Complex 3 has a dimeric structure with the
[Zn,(pydco)(phen),Cl,]-2H,0
crystallographically-imposed C, symmetry. The

asymmetric unit of 3 contains one Zn?*, half of the pydco?-

formula and has
rotation
ligand, one phen ligand, one chloride anion, and an
uncoordinated water molecule (Fig. 1c). The symmetry
operation to generate the full molecule is -x+5/4, -y+5/4, z. The
zinc centre displays a distorted square pyramidal coordination
geometry with the ZnCIN,0, formula in which the axial position
is occupied by a chloride ligand and the equatorial plane is
occupied by two nitrogen atoms of phen and Ocarboxylate, PIUS Op.
oxide Of pydco?~ (Fig. 1). Within the dimetallic complex, there are
slipped, m-stacking interactions between the phen ligands with
that between the central C4/C5/C6/C7/C11/C12 rings having

J. Name., 2013, 00, 1-3 | 5
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centroid * * - centroid = 3.7082(11) A, dihedral angle = 3.70(8)°,
slippage = 1.26 A. The complexes are connected by m-stacking
interactions between inversion-related central
C4/C5/C6/C7/C11/C12 rings to form chains of molecules
extending along the [110] and [1-10] directions (centroid - - -
centroid = 3.5553(10) A, dihedral angle = 0.02(8)°, slippage =
0.82 A) (Fig. 6). The hydrogen bonds O4-H4A.--02, 04—
H4A---02" and 04'—H4B'---02' (symmetry code: (i): -x+%, y, -z+%)
(Table S2) form chains of molecules extending along the b-axis
direction which are linked via 04—H4B---04 (symmetry code:
(ii) x, -y+%, -z+%) hydrogen bonds (Table S2) forming layers
parallel to the ab plane. The layers are connected along the c-
axis direction by C3—H3---CI1f and C3V—H3V---CI1V (symmetry
codes: (iii) x+%, -y+3/2, z-%; (iv) -x+5/4, -y+5/4, z; (v) -x+1, y-%,
z-%) hydrogen bonds (H---Cl = 2.67 A, C—H--Cl = 147°) reinforced
by C15-H15---02¥" (symmetry code: (vi) -x+1, -y+1, -z+1)
hydrogen bonds (Table S2). The 3D structure is completed by -
1t stacking interactions between the central rings of the phen
ligands in adjacent molecules related by -x+1, -y+3/2, -z+%
(centroid---centroid = 3.5553(10) A, slippage = 0.82 A) and C9-
H9---02' (symmetry code: (i): -x+%, y, -z+%) hydrogen bonds
(Figs. 6b and Figs. S14 and S15).

Fig. 6. top: 1D-chains of 3 created by m- 1 stacking interactions (orange dashed lines).
Bottom: 2D-structure of 3 viewed along the [110] direction which is formed by O—H* - -
0 and C—H---Cl bonds (red and green dashed lines, respectively) and C—H---t interactions
(orange dashed lines).

Journal Name

Structural comparison of 1-3 View Article Online

. DOI: 10.1039/D2CEQQ656A
A fundamental goal of crystal engineering (I)S to be a%?e to

understand the relationship between the molecular shape,
direction of functional groups, and the possibility of
intermolecular interactions in the final structure of the
materials. Therefore, careful investigation of the governing
factors in crystal structures is of paramount importance. For
example, in ligands with more than one functional group, which
one is preferred for bonding to the metal ions or for the
formation of non-covalent interaction, and why? In this regard,
a CSD survey can help researchers do more detailed research
about structures and find logical answers to these questions.
According to the CSD survey (CSD version 5.42 using ConQuest,
version 2020.3.0), more than 2400 structures have been
reported for pyridine-2,6-dicarboxylic acid (H,pydc). However,
for its N-oxide derivative, less than 40 structures have been
reported so far, and none of them contain pz and phen as
auxiliary ligands. It is important to note that after N-oxidation
of the pyridine ring the molecular electrostatic potential (MEP)
surfaces of pydco?~ and pydc?™ are equivalent for both ligands.
Therefore, differences between these ligands arise from their
different chelate ring size upon complexation and orbital effects
can also explain the different behavior of both ligands.?3 In
addition, steric hindrance between the carboxylate groups and
the N-oxid moiety in pydco?- leads to the rotation of one of the
carboxylic acid groups from the plane of the pyridine ring and it
is an important reason why this ligand mostly tends to act as a
bidentate ligand 22.

Generally, the coordination behavior of pydco? can be
chelating and bridging (as in 1-2 (Fig. 7))?. Although this ligand
mostly prefers chelation via the N-oxide and one of the
carboxylate functional groups, in some cases the other
carboxylate group can also participate in the coordination mode
(as in 3). The formation of a dimeric complex in 3 can be
explained by this ligand using both carboxylate groups to bind
separate metal ions and the N-oxide group to bridge between
them. Such a coordination mode would not be sterically
possible for pydc?-.

3

Fig. 7. Coordination modes of the pydco?” ligand in the 1-3. Color code: Cu, dark blue;
Zn, green; C, grey; N, light blue; O, red; H, white.

6 | J. Name., 2012, 00, 1-3
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Theoretical study

The theoretical study is focused on the analysis and comparison
the different mt-stacking modes observed in compounds 1-3 and
described above in Figs. 3-6. For compound 1 we have analyzed
a self-assembled dimer extracted from the ac plane shown in
Fig. 3, which is represented in Fig. 8 along with the distribution
of bond critical points (represented as red spheres) and the
noncovalent interaction plot (NCIPlot). Only intermolecular
contacts are shown for the sake of clarity. The combination of
both computational tools is very convenient to reveal
interactions in real space. Moreover, the NClplot analysis also
provides information regarding the attractive or repulsive
nature of the interaction, which is revealed by the color of the
isosurface (green-blue for attractive and yellow-red for
repulsive). It can be observed that the NClplot analysis of the
dimer of 1 shows that the m-stacking is characterized by an
extended green isosurface that embraces the m-cloud of the
pydco?- ligands. The interaction is also characterized by two
bond CPs and bond paths interconnecting two C-atoms of the
aromatic rings. The combined QTAIM/NClplot analysis also
discloses the existence of ancillary O---t and CH---O interactions
(see Fig. 8) characterized by the corresponding bond CPs, bond
paths, and green isosurfaces. The CH---O interaction is
characterized by two bond CPs and bond paths connecting two
aromatic H-atoms to the O-atom of the coordinated water
molecule (O---H; bifurcated H-bond). The dimerization energy is
very large (AE; = -23.3 kcal/mol) due to this intricate
combination of covalent-non interactions and the antiparallel
orientation of the m-stacking interaction that maximizes the
dipole---dipole attraction.

AE1=-23.3 kcal/mol

Fig. 8.Combined QTAIM (bond CPs in red and bond paths as orange lines) and NClplot (s
= 0.45, density cut-off = 0.04 a.u., color range —0.04 a.u. < (sign);)p < 0.04 a.u) for the
self-assembled dimer of 1.

For compound 2, we have analyzed the m-stacking interaction
represented in Fig. 4 that governs the formation of the 1D
double chain. The QTAIM/NClplot analysis is represented in Fig.
9, showing that the nt-stacking interaction is characterized by an
extended green isosurface that embraces the n-system of the
phen ligand, including the five-membered chelate ring. It is
worthy to comment that the dimer is also stabilized by a strong
HB that connects the coordinated water molecule to one O-
atom of the carboxylate group, characterized by a bond CP,
bond path, and blue isosurface. The topological analysis also
reveals the existence of a Cu---1t interaction that is established
between one Cu-atom and the central aromatic ring of the phen
ligand. Finally, two O---t contacts are also revealed by the
QTAIM/NCIplot analysis, as depicted in Fig. 9. The dimerization

This journal is © The Royal Society of Chemistry 20xx
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energy is very large AE, = —35.5 kcal/mol, thus confirmingthe
importance of this assembly in the solid 324t 6P ORI OUND R
We have also estimated the contribution of the strong H-bond
by using the value of the potential energy density (Vr) at the
bond CP that characterizes this H-bond and using the equation
proposed by Espinosa et al (E = 0.5 x V,).*3 The resulting binding
energy is indicated in Fig. 9 using a red-coloured font (-6.5
kcal/mol), confirming the strong nature of this contact. The
contribution of the m-interactions (m---m, O---1, and Cu---Tt) can
be thus estimated in —29.0 kcal/mol, which is stronger than the
dimerization energy of the n-stacked dimer of compound 1, in
line with the larger overlap of the m-systems in compound 2.

AE» =-35.3 kcal/mol

Fig. 9 Combined QTAIM (bond CPs in red and bond paths as orange lines) and NClplot (s
= 0.45, density cut-off = 0.04 a.u., color range —0.04 a.u. < (sign),;)p < 0.04 a.u) for the
dimer of 2. The H-bond association energies estimated using (Vr) are indicated in red.

Finally, for compound 3, the effect of the intramolecular -1t
stacking interaction upon the intermolecular -1t interaction
has been analyzed. To do so, we have studied two dimers, one
corresponding to the real system (assembly shown in Fig. 10a)
and the other one to a mutated dimer (Fig. 10b). In the real one,
a 1e--1/Te--1/Te--1t assembly is formed (two intramolecular and
one intermolecular 11 interactions), as represented in Fig.
10a. The existence of both intra and intermolecular m-stacking
interactions is confirmed by the NClplot analysis that shows
very large green isosurfaces that embrace the region between
both phen ligands, including the chelate rings. The binding
energy of this assembly is very large (AEz =—31.3 kcal/mol) due
to the antiparallel orientation and large overlap of the m-
systems.

To study the influence of the intramolecular mn-stacking
interaction upon the intermolecular one, we have constructed
a mutated dimer where one of the Zn(phen)Cl fragments of
each monomer has been eliminated (see Fig. 10b) to eliminate
the intramolecular 1t interaction. Moreover, one of the
carboxylate groups of the pydco?- ligand has been protonated
to keep the charge of the system neutral (see small arrows in
Fig. 10b). The dimerization energy of the mutated dimer is
smaller (AE; = —26.0 kcal/mol) than that of the whole system,
suggesting a favorable cooperativity effect between both -
stacking interactions. The QTAIM/NCIPlot analysis also reveals
the existence of ancillary CH---Cl contacts. We have evaluated
its contribution using the V, energy predictor, evidencing that
they are weak (—0.7 and —0.8 kcal/mol), thus confirming that the
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formation of the dimer is largely dominated by the m-stacking
interactions.

The m-stacking interaction analysed in compounds 1-3, are
significantly stronger than those observed in organic
compounds.** For instance, the stabilities of benzene-
naphthalene and the naphthalene dimers are —4.2 and —6.2
kcal/mol, respectively.*> This is due to the strong influence of
the metal centers (increasing the dipole---dipole interaction).
Moreover, the presence of heteroatoms*> and the chelate
rings*® in compounds 1-3 also reinforce the m-stacking
interaction, as previously demonstrated.®

(a)

Intramolecular

Intramolecular
Tpey

~-—

Fig. 10. Combined QTAIM (bond CPs in red and bond paths as orange lines) and NClplot
(s = 0.45, density cut-off = 0.04 a.u., color range —0.04 a.u. < (signA;)p < 0.04 a.u) for the
self-assembled dimer of 3 (a) and the mutated dimer (b). The H-bond association
energies estimated using the potential energy density (Vr) are indicated in red next to
the bond CPs.

Journal Name

asymmetric unit among the entire unit cell for complexes, 1z3.01he
full fingerprint plot for 1-3 are depicted in FigC1210.1039/D2CE00656A
For 1, the two bright-red regions labeled 1 and 2 in the d,o:m Mmap
(Fig. 11) indicate H:--O/0-+H contacts attributed to O6-H6A:--O7 and
07-H7A--:02 hydrogen bonds, respectively. The former contact is
associated to the interaction between the H-atom of the coordinated
water molecule and the 02 atom of the pydco ligand, while the later
involves the H7A atom of the non-coordinated water molecule and
the 02 of the pydco ligand. The red spots labeled 3 in the Hirshfeld
surfaces are attributed to C3-H3:--02 hydrogen bonds, involving the
H3 atom of the pyridine ring and the 02 atom of the pydco ligand as
acceptor. The H:-0/0-+H contacts, represented as spikes labeled 1
in the fingerprint plot of 1 (Fig. 12) comprise 38.9% of the total
Hirshfeld surface area.

Complex 1

-

Complex 2

Fig. 11. A view of the Hirshfeld surfaces of 1-3 mapped over d,,m, function. The labels are
described in the main text.

Hirshfeld surface analysis

Aview of the Hirshfeld surfaces mapped over d,orm property is shown
in Fig. 11, highlighting the main intermolecular interactions and
scheme of labels. The surfaces are shown in transparent to allow
visualization of the molecular moiety. We have considered the

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

In complex 2, the two largest circular red areas labeled 1 and 2 (Fig.
11) represent H--O/0O---H contacts, which are attributed to strong
013-H13B::04 and 06-H6A:--015 hydrogen bonds, being the later
the interaction between coordinated and non-coordinated water
molecules. The smaller red spots regions labeled 3, 4 and 5 are
indicative of weaker C10-H10--:04, C13-H13--:014 and C15-
H15:--014 hydrogen bonds. The intermolecular H---:O/0---H contacts
(labeled 1 in Fig. 12) appear as a pair of symmetrical spikes in the
fingerprint plots around (d. + d;) = 1.8 A, comprising 31.2% of the
total Hirshfeld surface area, whereas the intermolecular H---C/C--H
contacts (labeled 3) constitute the second most dominant
interactions (17.3%). These contacts are mainly associated to C-H---1t
interactions, as was described previously. The fingerprint plot of 2
also shows 0--C/C---O contacts associated to intermolecular O--1t
interactions, with 8.6% of contribution to the total Hirshfeld surface
area.

Hirshfeld surfaces of 3 mapped over dnom Show a large red spot
(labeled 1 in Fig. 11) associated to O4-H4A---02 hydrogen bonds
involving the H-atom of the non-coordinated water molecule and the
02 atom of the carboxylate moiety as acceptor, whereas the small

This journal is © The Royal Society of Chemistry 20xx
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region labeled 2 is attributed to weak C9-H9---O2 hydrogen bonds.
The H--:O/0--H interactions comprise 17.5% of the Hirshfeld surface
of this molecule. H---Cl/Cl---H contacts (labeled 4 in Fig. 12) appear as
a pair of spikes at (de + di) = 2.6 A and comprise 16.3% of the Hirshfeld
surface area. In addition, these interactions are also visible in the
dnorm mMap (Fig. 11) as red spots labeled 3 associated to
intermolecular C3-H3-:-Cl1 hydrogen bonds.

The H---H contacts also operate in the crystal packing of the three
compounds. These interactions comprise 22.5, 32.0 and 26.1% of the
total Hirshfeld surface area for 1, 2 and 3, respectively.

de

Complex 1 ‘ 1: Complex 2
lo

06 | 06

g

U6 U8 TU 1.2 1Z 16 1.8 2L x

|
U6 U8B 10 12 T4 16 I8 20 22 24

o N & o =

Complex 3

g
U6 UF TU T2 T4 16 T8 2U 22 28 46 ZF

Fig. 12. Full two-dimensional fingerprint plots for 1-3 showing (1) H---0/0---H, (2) Cu---O,
(3) H---C/C--+H, and (4) H---CI/Cl---H contacts.

To examine the influence of m--m stacking interaction in the
molecular packing of complexes, we have examined the Hirshfeld
surfaces mapped over shape index and curvedness (Fig. S16). The
pattern of touching red and blue triangles on the shape index
surfaces (highlighted in dashed circles) and the flat region delineated
by the blue outline above the corresponding m-system on curvedness
are mainly attributed to -1t stacking interactions.*”

Conclusion

In summary, by a systematic combination of N- and O-donor
ligands in a mixed-ligand system, three coordination complexes
have been successfully synthesized and structurally
characterized by single-crystal XRD. Due to the different nature
of N, N'-bidentate auxiliary ligands a 1D-coordination polymer
and two discrete compounds are formed by pz and phen.
Moreover, the N-oxide moiety of pydco?™ not only provides the
novelty of this work, but also enriches the structural diversity in
1-3 by its unique coordination modes.

This journal is © The Royal Society of Chemistry 20xx

CrystEngdomm

The energetic features of the ri-stacking interactiops have been
studied, showing that they are strongDbinding3motifsoimsall
complexes. In 3, favorable cooperativity effects between intra
and intermolecular m---1t interactions have been demonstrated,
thus suggesting that they can be used in crystal engineering to
construct highly ordered solid state structures. We expect that
the results reported herein combining theory and experiment
can be useful to researchers working in supramolecular
chemistry, crystal engineering as well as theoreticians.
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