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Recurrent supramolecular motifs in discrete
complexes and coordination polymers based on
mercury halides: prevalence of chelate ring
stacking and substituent effectst

Ghodrat Mahmoudi, ©*2 Jan K. Zareba, ®*® Antonio Bauza, ©° Maciej Kubicki,®
Agata Bartyzel,® Anastasios D. Keramidas, @ Leonid Butusov,?
Barbara Mirostaw" and Antonio Frontera @ *©

In recent years, the crystal engineering library has been enriched with a number of previously
unrecognized or unnoticed intermolecular interactions, such as agostic, tetrel, chalcogen, pnicogen
bonding and chelate ring stacking - collectively referred to as “unconventional interactions”. Many open
questions remain unaddressed regarding their ability to form synthon interactions, specificity, and
cooperativity, for example with n-n stacking interactions. In this work, we throw light on the formation
ring stacking in metal-organic assemblies of ligands (N'-(1-(2-
pyridyl)ethylidene)nicotinohydrazide (HL) and N'-(phenyl(pyridin-2-yl)methylene)nicotinohydrazide (HL,))
with mercury(i) halide (HgBr,, Hgly) salts. Their reaction produced five compounds, namely [Hg(u-
L)BrHgBrl, (1), [Hg(u-L1)Brl, (2), Hg(L)la] (3), [Hg(HL)ILI-(CH3OH) (4), and [Hg(u-Lyll, (5). Crystal structure
analysis reveals that chelate ring stackings are formed in four of the reported metal-organic compounds,

of chelate nicotinohydrazide

and are common also in the literature precedents. The energies of chelate ring stackings and n-n
heterocycle stackings have been computed and analyzed by means of DFT calculations, and the results
were verified using Bader's theory of “atoms in molecules”. These results provide a rationale for prefer-
ential formation of both unconventional and conventional stackings and allow us to conclude that che-
late ring interaction may be considered as a synthon interaction for nicotinohydrazide metal complexes.
Interpretations for packing differences imposed by the substituent effect (substitution of methyl group in
HL for phenyl group in HL;) were provided based on the Hirshfeld surface analysis and 2D fingerprint
plots of the crystal structures reported here.

Introduction

Although the strength of single n-n stacking interactions® (ei-
ther face-to-face or edge-to-face) is low when compared to that
of, for example, classical strong hydrogen bonding,” the con-
sequences deriving from the existence of those interactions
are widespread and in fact fundamental for all living organ-
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isms. Double strands of DNA are stabilized by vertical base-to-
base 7 stacking;® aromatic side chains of amino acids such as
phenylalanine, tyrosine or histidine, which participate in the
construction of proteins, are found to preferentially align
their (hetero)aromatic rings in a cofacial orientation, which
in turn has a profound influence on nucleic acid tertiary and
quaternary structure.* The therapeutic effect of some drugs®
and also the carcinogenic properties of fused-ring aromatic
compounds such as benzopyrene and their metabolites share
the same underlying intercalation mechanism, based on n-n
stacking interactions.® With all confidence, the immense
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importance of these interactions is not limited to biological
systems only; indeed, the stacking of aromatic systems prede-
termines a wide variety of physicochemical and spectroscopic
properties. To name only a few of them, stacked organic or
metal-organic assemblies often reveal characteristic spectro-
scopic and physical phenomena, such as excimer or exciplex
formation,” light harvesting,® and improved dynamics of
electron/hole transport in organic electronics,” which are all
of great application importance.

In-depth understanding of n stacking-related properties
mentioned above would not be possible without inputs from
methods of structural and computational chemistry.’® At
present, it can be stated that interactions, such as n-n stack-
ing interactions, are very well characterized experimentally
and theoretically, both in terms of structure-property rela-
tionships and from a purely structural point of view. On the
other hand, in recent years, interactions referred to as “un-
conventional” or “nonclassical” have emerged. In these inter-
actions, one can include agostic,11 o- or m-hole - based
tetrel,"*> chalcogen,"® and pnicogen bondings,'* as well as -
chelate ring stackings involving transition and main group
metals;"® recent works suggest that these interactions cannot
be perceived just as interesting crystallographic facts, but are
equal or even dominating contributors to the inorganic and
metal-organic crystal structure formation. Clearly, the knowl-
edge on unconventional interactions is still in its formative
years;'® thus, our efforts are focused on the detailed explora-
tion of fundamental aspects of all of these interactions,
mainly employing Schiff-base complexes with d- and p-block
elements as crystalline test systems.

In this contribution, we aim to explore and explain the
crucial role of chelate ring stacking in the self-assembly of
five metal-organic assemblies of nicotinohydrazide ligands
(N'-(1-(2-pyridyl)ethylidene)nicotinohydrazide (HL) and N'-
(phenyl(pyridin-2-yl)methylene)nicotinohydrazide (HL,)
depicted in Scheme 1) with mercury(n) halide (HgBr,, Hgl,)

HL: R = CH,, HL,;: R=Ph
X = halide (Br, 1) or nitrogen atom

o .:z - chelate ring stacking sites

e

_~- heterocycle m-stacking sites

o

~——

Scheme 1 The structures of nicotinohydrazide ligands HL and HL;.
Dashed dark blue and red ovals indicate the structural fragments
responsible for heterocycle n-stacking and chelate ring stacking, re-
spectively. Dashed lines show the coordination bonds formed upon
complexation with mercury(i) halides.
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salts: [Hg(u-L)BrHgBr,], (1), [Hg(uLBrl, (2), [Hg(L)L] (3),
[Hg(HL,)L,]-(CH;0H) (4), and [Hg(u-L,)I], (5). The structural
features and expected coordination behaviour of the applied
ligands are summarized in Scheme 1. Indeed, the crystallo-
graphic analysis of the obtained crystal structures suggested
a strong preference for the formation of unconventional che-
late ring stacking, along with conventional heterocycle n-n
stacking. In this manuscript, we use the term “unconven-
tional m-stacking” for the chelate ring---chelate ring stacking
to differentiate from the classical n-n stacking between aro-
matic rings. Additionally, we noted significant substituent ef-
fects (namely, the steric effect of the phenyl group of ligand
HL,) especially pronounced in 4. To gain insight into these
structural features, we employed our characterization toolbox
involving classical structure description, Hirshfeld surface
analysis and detailed DFT calculations of interaction ener-
gies. These characterization techniques allow us to address
the following points. (i) What are the energies of the noted
recurrent supramolecular motifs and what is their relative
participation in the stabilization of the investigated struc-
tures? (ii) What is the impact of these interactions on the fi-
nal structure? (iii) Can the chelate ring stacking be consid-
ered a synthon interaction for these and similar metal-
organic systems?

The choice of nicotinohydrazides HL and HL; as ligands
for complexes and coordination polymers needs to be
explained. Firstly, the hydrazide fragment of these ligands is
responsible for their chelating properties (Scheme 1);'” due
to their flexibility, ligands can adopt different conformations
with respect to the relative orientations of the carbonyl
group.'® Assuming chelation involving oxygen atom, these li-
gands are predisposed to form two kinds of chelate rings:
OCNN and NCCN. Secondly, from the structures of the li-
gands, it can be inferred that nitrogen atoms will be engaged
not only to form coordination bonds but also to participate
in hydrogen bonding (through a donor N-H fragment) inter-
actions with counterions, neighboring ligand molecules and
cocrystallized solvents.’® A possibility of structure expansion
is provided by the nitrogen atom of the 3-pyridyl (“nicotino”)
fragment, which may serve as an additional docking site to
the mercury center, thereby forming a bridge and giving an
access to polymeric coordination compounds.

Experimental
Materials and general methods

All the reagents other than ligands were purchased commer-
cially and used as received without further purification. FT-IR
spectra (4000-400 cm ™" region) were recorded from KBr pel-
lets with a Bruker Tensor 27 spectrometer. Microanalyses
were performed using a Heraeus CHN-O-Rapid analyzer.

Synthesis of the complexes

Crystals of 1-5 were isolated by mixing the corresponding ligand
with mercury(n) bromide or mercury(u) iodide, following a
method exemplified for compound 1. This complex was

This journal is © The Royal Society of Chemistry 2018
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synthesized by the reaction of organic ligand HL (0.302 g, 0.5
mmol) and HgBr, (0.5 mmol), both placed in the main arm of a
branched tube. Methanol (15 ml) was carefully added to fill the
arms. The tube was sealed and immersed in an oil bath at 60
°C, while the branched arm was kept at ambient temperature.
After 5 days, crystals of 1 were formed in the cooler arm, filtered
off, washed with acetone and ether, and finally dried in air.

[Hg(p-L)BrHgBr, ], (1). Yield: 87%. m. p. 225 °C. Anal. calc.
for Cy3H,,Br;Hg,N,0: C, 16.25; H, 1.26; N, 5.83%. Found: C,
16.34; H, 1.12; N, 5.65%. FTIR (cm™) selected bands: 698(s);
769(m); 1025(m); 1136(s); 1326(m); 1430(m); 1528(s);
1590(m); 1659(m); 2815(w); 2923(w); 3060(w); 3145(w).

[Hg(p-Ly)Br], (2). Yield: 81%. m. p. 289 °C. Anal. calc. for
C,sHy;BrHEN,0: C, 37.16; H, 2.25; N, 9.63%. Found: C, 37.01;
H, 2.31; N, 9.71%. FTIR (cm™") selected bands: 693(s);
786(m); 1027(m); 1126(s); 1333(m); 1422(m); 1471(s);
1593(m); 1641(m); 2926(w); 2925(w); 3058(w).

[Hg(L)I,] (3). Yield: 65%. m. p. 233 °C. Anal. calc. for
C15H,,L,HEN,O: C, 22.48; H, 1.74; N, 8.07%. Found: C, 22.55;
H, 1.81; N, 8.19%. FTIR (cm™) selected bands: 705(s);
777(m); 1011(m); 1098(s); 1326(m); 1417(m); 1589(s);
1543(m); 1620(m); 2851(w); 3032(w); 3053(w).

[Hg(HL,)L,](CH;0H) (4). Yield: 91%. m. p. 245 °C. Anal.
calc. for C,oH,I,HgN,0,: C, 28.93; H, 2.30; N, 7.10%. Found:
C, 29.01; H, 2.35; N, 7.13%. FTIR (cm ') selected bands:
693(s); 784(m); 1022(m); 1153(s); 1298(m); 1428(m); 1546(s);
1581(m); 1648(m); 2854(w); 2925(w); 3055(w); 3445(w).

[Hg(p-L)I], (5). Yield: 67%. m. p. 288 °C. Anal. calc. for
C,sHy3IHEN,O: C, 34.38; H, 2.08; N, 8.91%. Found: C, 34.21;
H, 2.12; N, 9.02%. FTIR (cm™") selected bands: 697(s);
771(m); 1022(m); 1110(s); 1331(m); 1423(m); 1509(s);
1591(m); 1665(m); 2854(w); 2925(w); 3055(w).

X-ray crystallography

Diffraction data were collected at room temperature (2-4),
193(1) K (1) and 100(1) K (5) by the w-scan technique using
Bruker four-circle diffractometers (APEX-II CCD for 1, 3 and 4
and SMART1000 CCD for 2 and 5) with graphite-
monochromated MoK, radiation (1 = 0.71069 A). The detector
frames were integrated using the program SAINT,*® and em-
pirical absorption corrections were performed using the
SADABS program.” The structures were solved with
SHELXT?* and refined with the full-matrix least-squares pro-
cedure on F*> by SHELXL.>* All non-hydrogen atoms were re-
fined anisotropically, and the positions of all hydrogen atoms
were placed in idealized positions and refined as ‘riding
model” with isotropic displacement parameters set to 1.2 (1.5
for methyl groups) times U, of appropriate carrier atoms.
The structures of 2 and 5, which are isomorphous, were both
refined as twins;>> BASF factors converged at 0.13(3) for 2
and at 0.295(1) for 5. In the structure of 4, the disordered sol-
vent, methanol molecule, has been found; site occupation
factors for the alternative positions of methyl groups were
fixed at 0.5. The details of crystallographic data collection
and refinement parameters are given in Table 1.

This journal is © The Royal Society of Chemistry 2018
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Hirshfeld surface analysis

Hirshfeld surface (HS)>* and 2D fingerprint plot® analyses
can be considered as fundamental methods for the explora-
tion of intermolecular contacts of supramolecular®® and coor-
dination compounds.?® Each point on the HS has a well-
defined distance from the nearest atom inside the surface
(di), and analogously, a distance from the nearest atom out-
side of the surface (d.). Mathematical treatment of d. and d;
values with selected functions (i.e. dyorm, shape index, and
curvedness) allows particular structural information (n-n
stacking, hydrogen bonding) to be highlighted using the
color mapping of the HS. In the case of the d,,m function,
red spots are associated with the contacts between atoms on
both sides of the HS, which are shorter than the sum of van
der Waals radii, and for this reason are frequently used to vi-
sualize short contacts, e.g. hydrogen bonds. Additionally,
plotting the histogram of all (d;, d.) contacts gives two-
dimensional (2D) fingerprint plot, which can be treated as a
graphical ‘summary’ of the contact distances to the HS; con-
sequently, their shapes are diagnostic for given inter-
molecular contacts.

The properties of Hirshfeld surfaces and 2D fingerprints
(where applicable) of all compounds were explored using the
Crystal Explorer package ver. 3.1.>7 Crystal structures were
imported from CIF files. Hirshfeld surfaces were generated
using high resolution and mapped with the d,,o;m and shape-
index functions. 2D fingerprint plots were prepared using the
same software.

Theoretical methods

The geometries of the complexes included in this study were
computed at the M06-2X/def2-TZVP level of theory using the
crystallographic coordinates within the TURBOMOLE pro-
gram.”® This level of theory is adequate for studying
noncovalent interactions dominated by dispersion effects like
n-stacking. The basis set superposition error for the calcula-
tion of interaction energies has been corrected using the
counterpoise method.>® “Atoms-in-molecules” (AIM)*° analy-
sis of the electron density has been performed at the same
level of theory using the AIMAIl program.**

Results and discussion
Supramolecular and coordination features of structures 1-5

The crystallographic details are summarized in Table 1, and
the selected bond lengths and angles are gathered in Table
S1.

The molecular structure with an atom-labeling scheme
for 1 is shown in Fig. 1a, and the 1D polymer chains are
presented in Fig. 1b. The 3D packing can be simplified as
parallel stacking of T-shaped prisms (see Fig. S1 in the
ESIT). In complex 1, two crystallographically different Hg(u)
metal centers are present. The five-coordinate Hgl ion is
surrounded by one oxygen and two nitrogen atoms of HL,
one terminal (Brl) and one bridging (Br2) bromide ligands.

CrystEngComm, 2018, 20, 1065-1076 | 1067
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Table 1 Crystal data and refinement details of 1-5

Compound 1 2 3 4 5

Formula Cy3H;,Br,HZ,N,O C15H,3BrHgN,O C13H;,HELN,O C15H;3HEI,N,0-CH;0H C15H,3HEIN,O

Formula weight 961.09 581.82 694.66 788.76 628.81

Crystal system Monoclinic Monoclinic Monoclinic Triclinic Monoclinic

Space group P24/n P2,/n P24/c Pi P2,/n

a (A) 8.7230(15) 10.8009(10) 9.4971(10) 9.9325(18) 10.7093(10)

b (A) 14.244(2) 15.0130(13) 19.796(2) 10.233(2) 15.1214(14)

c(A) 16.507(3) 11.3474(10) 9.2661(10) 12.755(3) 11.4424(11)

a(°) 90 90 90 91.65(2) 90

B(°) 100.782(3) 108.659(2) 96.913(10) 110.98(2) 110.2750(10)

7 (©) 90 90 90 106.46(2) 90

V(A% 2014.8(6) 1743.3(3) 1729.4(3) 1148.5(4) 1738.2(3)

zZ 4 4 4 2 4

d, (g cm™) 3.17 2.22 2.67 2.28 2.40

F(000) 1704 1088 1248 724 1160

4 (mm™) 23.16 11.13 12.47 9.41 10.65

O range (°) 1.90-25.10 2.27-26.00 2.06-28.00 2.10-26.25 2.25-28.31

hkl range -10<h <10 -13 <h <13 12 <h <12 -11<h<10 -14 <h <13
-16 <k <16 -18 <k <18 -26 <k <26 12 <k<12 -20 <k <20
-19<[1<19 -13<[<13 -12<1<12 -15<[1<15 -15<[1<15

Reflections

Collected 13 846 33100 75755 8336 10487

Unique (Rin() 3496 (6.06%) 3419 (6.57%) 4179 (2.62%) 4252 (12.73%) 7894 (4.40%)

With I > 20(1) 2881 2709 3652 1782 6656

No. of pars. 218 227 192 253 227

R(F) [I > 20(1)] 0.0323 0.0758 0.0254 0.0622 0.0365

WR(F?) [I > 20(I)] 0.0734 0.2154 0.0753 0.1458 0.0749

R(F) [all data] 0.0447 0.0876 0.0352 0.1182 0.0491

WR(F?) [all data] 0.0776 0.2154 0.0779 0.1577 0.0799

Goodness of fit 1.023 1.974 1.055 0.8253 1.026

Max/min Ap (e Aﬂ) 1.10/-1.64 3.13/-3.44 1.59/-1.31 1.29/-2.25 2.35/-1.31

(@)

7-1/2+x,1/2-y,-1/2+z
"112+x,1/2-y,1/2+z

(b)

Fig. 1 (a) Asymmetric unit of compound 1 and the atomic numbering scheme. (b) Projection of the polymeric 1D chain and C-H---Br interaction.

Distance in A.

The coordination environment of the Hgl center is a highly
distorted square pyramid, which is confirmed by the value
of the 7; parameter (0.24).>> The Hg2 ion is coordinated by
three bromide ligands and one nitrogen atom of HL. The
structural index parameter z, equals 0.71, which can indi-
cate that the coordination environment around Hg2 is a
very distorted tetrahedron.*® However, the Hg2 center can
be better described as a seesaw with 0 = 95.90°. The N1-
Hg2-Br2 and Br3-Hg2-Br4 planes are almost perpendicular,
with a dihedral angle of about 89.36°. The Hgl and Hg2
metal centers are connected via the bridging p-Br(2) ligand.
However, there are no M---M interactions, because the
Hg---Hg distance (4.181(1) A) is much longer than the sum

1068 | CrysttngComm, 2018, 20, 1065-1076

of the van der Waals radii of Hg(n) (3.41 A).*>* Long dis-
tance interactions exist between the metal center and the
bromide ions, Hg(1):--Br(3) (3.621(2) A) and Hg(2)---Br(1)"®
and Hg(2)'"--Br(1) (3.558(2) A) [symmetry codes: (1b) -x,
-1/2 +y, -1/2 - z; (1c) -x, 1/2 + y, -1/2 - z]. These dis-
tances are close to the sum of the van der Waals radii of
Hg-Br (3.40 A).*® The structure is stabilized by weak C-
H---Br hydrogen bonds (see Fig. 1b)*® which leads to the
formation of infinite chains running parallel to the [001]
direction (see Table S2f for the structural features of the
H-bonds in 1). The 3D packing is also stabilized by chelate
ring m-stacking interactions, which are further discussed in
detail in the DFT and HS study.

This journal is © The Royal Society of Chemistry 2018
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Compounds 2 and 5 are isostructural; they both crystallize
in the P2,/n space group with very similar unit cell parame-
ters (¢f. Table 1); the geometry and packing of the molecules
are almost identical. The comparisons of the molecular struc-
ture and crystal packing of both compounds are shown in
Fig. 2.

The coordination polymers are formed along the [101] di-
rection (Fig. 3), and are formed from Hg ions coordinated to
two different sides of the ligand molecule (N1, N8, and 010
on one side and N13 on the other side). The metal center is
five-coordinated, in a distorted tetragonal-pyramid fashion. A
view of the 3D crystal packing is given in Fig. S2 in the ESLf
For the details of the hydrogen bonding structural features of
both complexes, see Table S2.}

Compound 3 is not polymeric, and in its structure, the
Hg(u) center is coordinated via two nitrogen atoms and one
oxygen atom of HL and two iodine ions (see Fig. 4). The value
of index parameter (z5) equals 0.04, which can indicate that
the coordination polyhedron has an ideal square pyramidal
structure with C,, symmetry. However, this geometry is asso-
ciated with « = = 180°, whereas for complex 3 the angles
are closer to D;, symmetry. This indicates that the coordina-
tion environment of the Hg1 center has as a highly asymmet-
ric geometry intermediate between square pyramid and trigo-
nal bipyramid (Fig. 4a). In 3, the N-H:--N hydrogen bonds
(see Table S2t) between the N-H groups of the hydrazone
moieties and pyridine nitrogen atoms are responsible for the
formation of the zigzag chain packing pattern along [001]
exhibiting a C(6) graph-set motif.’” In this compound, self-
assembled n-stacked dimers are also formed in the solid
state, exhibiting chelate ring---n stacking interactions, which
are further discussed below. The final 3D architecture of this
compound can be simplified as parallel stacking of trapezoi-
dal prisms, see Fig. S3 in the ESL}

In structure 4, the geometry of the Hg(u) center shows a
five-coordinate stereochemistry, which can be described as a
highly distorted trigonal bipyramidal geometry as evidenced
by the value of the geometric index 75 (0.52). The metal ion is
surrounded by two nitrogen atoms and one oxygen atom and

View Article Online
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two terminal iodine ligands (Fig. 5). Methanol molecule is
linked to the [Hg(L)I,] moiety via the intermolecular O-H:--N
hydrogen bond with a pyridine nitrogen atom as the proton
acceptor. Moreover, disordered methanol molecule is en-
gaged in the formation of dimeric units through the O-H--'N
and N-H:--O hydrogen bonds, where it is both the donor and
acceptor of proton (see Fig. 5b and Table S2t), generating cy-
clic hydrogen-bonded motifs with the graph-set notation
R:1(16).>” The structure is also stabilized by weak inter-
molecular C-H---O and C-H--I hydrogen bonds, as well as
C-H--n interactions. The C(19A)-H(19B)---Cg5 (Cg5 is the
centroid of the phenyl formed from C(7)-C(12) atoms, dc...cg
=3.575(1), Zc-n...cg = 143°) stacking interactions occur in the
centrosymmetric hydrogen bond ring. The presence of weak
intermolecular C-H:--O hydrogen bonds leads to the forma-
tion of a two-dimensional network, see Fig. S4 in the ESLf

Hirshfeld surface analysis

In this paper, we have divided considerations on the Hirshfeld
surface (HS) properties into two parts, taking as a criterion the
dimensionality of the metal-organic hybrids. As presented in
the “Supramolecular and coordination features of structures
1-5” section, among compounds 1-5, the 3 and 4 are 0D com-
plexes. The discrete nature of those compounds allows for
both qualitative (that is, assignments of respective contacts
to certain regions of dyorm, and/or shape-index-mapped HS) and
quantitative (determination of percentage contributions of
contacts to the HS) analysis. On the other hand, compounds 1,
2 and 5 are 1D coordination polymers. The polymeric structure
of those compounds makes the HS analysis more challenging,
since it has to be conducted on the subjectively chosen frag-
ment of the coordination chain. The choice of a fragment, in
turn, has a profound influence on percentage contributions
of the participating contacts. Additionally, drawing the HS on
the part of coordination chain results in obtaining unusually
low d; and d,om values since these parameters reflect not
only the intermolecular interactions, but also the coordina-
tion/covalent bonds that “perforate” the drawn HS. For these

Fig. 2 Comparison of molecular (left) and crystal (right) structures of 2 (red) and 5 (blue).

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 A fragment of the coordination polymer in 2; ellipsoids are drawn at the 50% probability level, and hydrogen atoms are shown as spheres

of arbitrary radii.

Fig. 4
Distance in A.

"1-X,-y,1-z

(@) Asymmetric unit of compound 3 and the atomic numbering scheme. (b) Detail of the polymeric 1D chain and the N-H---N interaction.

Fig. 5 (a) Asymmetric unit of compound 4 and the atomic numbering scheme. (b) Dimeric units through O-H---N and N-H:---O hydrogen bonds

(represented by the dashed lines). Distances in A.

reasons, the HS analysis of compounds 1, 2 and 5 has mainly
qualitative characteristics.

To explore effects of the Hgl, coordination on the land-
scape of the participating contacts to the HS, we have com-
pared properties 2D fingerprint plots of complexes 3 and 4
with those of the corresponding ligands, L (CSD refcode
YIRFAH)*® and L1 CSD refcode HEWJUP).*®

A strong characteristic feature of the 2D fingerprint plots
of compounds 3 and 4 is the significantly scattered d; and d,
values, which results in larger areas occupied by histograms.
As can be seen in Fig. 6, the d. and d; values are reaching

1070 | CrystEngComm, 2018, 20, 1065-1076

maximal values of 2.9 and 2.85 A in compounds 3 and 4, re-
spectively. In contrast, the 2D fingerprints drawn for ligands
occupy much smaller areas — here, the maximal d. and d;
values are found for ligand L1 (2.7 A). This observation can
be explained on the basis of the analysis of decomposed 2D
fingerprint plots. Examining the decomposed H--'I and H---C
fingerprint plots of 3 and 4 in Fig. S5 and S6, ESL} shows
that the H---I contacts form much broader “wings” than the
C---H ones, so their overlap yields a much broader contact
distribution. This can be explained on the basis of the differ-
ences between the atomic radii of iodine and carbon atoms,

This journal is © The Royal Society of Chemistry 2018
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31
a 34.9 73 110
L1 42.2 4.0 0.9 6.5

Fig. 6 a) 2D fingerprint plots and b) percentage contributions of
contacts to the Hirshfeld surface in the structures calculated from the
crystal structures of complexes 3 and 4 and ligands HL and HL;.

in which the former is much higher, so the d; and d. dis-
tances increased.

A distinct difference between the 2D fingerprint plots of 3
and 4 is the lack of symmetry across the diagonal for the lat-
ter one (Fig. 6a). In our previous papers, we have noted that
this behaviour is characteristic of crystal structures, which
comprise more than one molecular component, e.g. in struc-
tures featured by two crystallographically independent mole-
cules® or in solvates.*! Indeed, this is the case for compound
4, in which a methanol molecule is present. Its presence im-
parts strong accepting H---N contacts and donor accepting
H:--O contacts formed from the complex molecule (Fig. S6,
in the ESI}). Note that in compound 3, due to lack of any sol-
vent molecule that could form strong hydrogen bonds, the
donor and accepting traces corresponding to H---N contacts
are at the same level.

The calculation of contact contributions to the relative
Hirshfeld surface areas suggests that the most prevalent in-
teractions in 3 and 4 are the I'--H and H---H ones (Fig. 6b).
When I---H and H---H contacts are considered together, these
two interactions made up around 60% of the entire HS; on
the other hand, there are significant differences in their indi-
vidual contributions. In 3, the content of I---H contacts is

This journal is © The Royal Society of Chemistry 2018
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higher by 5% than of that of the H---H ones (I*"H - 29.4%,
H---H - 24.3%), while in 4 the trend is reverse (I--‘H - 26.6%,
H--“H - 34.9%). The corresponding dm-mapped Hirshfeld
surfaces of the complexes are drawn in Fig. 7, along with the
assignments of all discussed contacts.

We suggest that the described above variations in the
H---H/H--'I contact distributions can have two different ori-
gins. Firstly, we attribute the presence of the phenyl ring in 4
instead of the methyl group (in 3) as a possible factor respon-
sible for the increased share of the H---H contacts, since the
phenyl ring is capable of forming dispersive contacts at a
much larger area than the relatively small methyl group
(Fig. 7). As an additional support for this hypothesis, we com-
pared the contact contributions calculated from the crystal
structures of ligands L and L1 (Fig. 6b). In line with the
above reasoning, ligand L1 is featured by a larger amount of
H---H and C---H contacts than L (42.2% vs. 40.7 and 24.4%
vs. 20.4, respectively), which highlights the role of bulkiness
of a phenyl ring and, in the broader context, of the substitu-
ent effect. It is worth stressing that due to the phenyl ring
steric hindrance, no chelate ring stacking is present, which
causes the HS of 4 to not possess flat regions (in contrast to
1-3 and 5).

Secondly, we wondered why the participation of I---H con-
tacts to the HS is smaller in 4 when compared to 3. Here, as
an essential contributing factor, we regard the fact that
methyl hydrogen atoms of a methanol molecule (in 4)

Fig. 7 Hirshfeld surface of a) 3 and b) 4 mapped with the dnorm
function. Regions of most important intermolecular contacts are
indicated by the dashed ovals and/or arrows.
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interact with iodine atoms of the Hgl, fragment (Fig. 7b).
Due to this interaction, iodine atoms are “shielded” from the
other complex molecules. This causes the HS of this com-
pound to accept mainly I---H contacts, consequently decreas-
ing the overall share of the I---H contacts in the entire HS.

We now move to the overview of the interchain interac-
tions within coordination polymers 1, 2 and 5. Fig. S7, ESL}
presented fragments coordination chains, on which the HSs
were drawn. Those surfaces are featured by a number of
C--‘H, H'-'H, Br'‘H (in 1 and 2), and I--*H (in 5) contacts.
Nevertheless, the common feature of those coordination poly-
mers is the presence of the conventional and unconventional
(chelate ring) stacking interactions, as shown in Fig. S8, ESLf
While d,,m-mapped surfaces do not provide much informa-
tion on the stacking interactions, the shape-index-mapped
surfaces reveal a set of four blue-colored triangles, each
placed in the center of the stacked ring: either aromatic (phe-
nyl/pyridyl) or formed via coordination. The observation of
these features served as a foundation for the considerations
provided in the next section.

Theoretical results

We have focused the theoretical study on the comparison of
the energetic features of the different types of n-stacking in-
teractions (chelate ring-n and n-n) observed in the crystal
packing of compounds 1-3 and 5. Conventional n-stacking
interactions usually involve organic aromatic molecules.*?
However, the other planar molecular fragments can also par-
ticipate in more “unpredictable” stacking interactions.*’
Among them, chelate rings with delocalized n-bonds estab-
lish stacking®® interactions similar to those of aromatic or-
ganic molecules*? in transition-metal complexes. The chelate-
ring-n interactions have been associated to the aromaticity of
planar chelate rings with delocalized n-bonds.**

In the crystal packing of compounds 1, 2 and 5, the 1D
polymeric chains form self-assembled supramolecular enti-
ties in the solid state governed by the formation of antiparal-
lel chelate ring---chelate ring (CR:--CR) and conventional n-nt
interactions. These interactions are highlighted in Fig. 8, and
it can be observed that the square planar pyramidal geometry
of the Hg atom in compounds 2 and 5 facilitates the approxi-
mation of the chelate rings, resulting in shorter CR---CR
interactions.

View Article Online
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In this theoretical study, we have used monomeric models
of the polymeric chains of compounds 1, 2 and 5 in order to
estimate the interactions. In the isostructural compounds 2
and 5, we have computed the interaction energy of the self-
assembled n-stacked dimers, shown in Fig. 9a, where a pyri-
dine ring has been used as an axial Hg ligand in the mono-
meric model. The self-assembled dimers are stabilized by a
combination of H-bonds (blue dashed lines), n-n and
CR--CR stacking interactions. The dimerization energies in 2
and 5 (AE; = —24.6 kcal mol™" and AE, = —26.2 kcal mol ™, re-
spectively) are large due to the contribution of the three inter-
actions. In an effort to calculate the contribution of the dif-
ferent forces that govern the formation of the self-assembled
dimers, we have computed a theoretical model in which the
uncoordinated pyridine rings have been replaced by H atoms
(see the small arrows in Fig. 9b), and consequently the n-n
stacking interactions between the coordinated and
uncoordinated pyridine rings are not formed. As a result, the
interaction energies are reduced to AE, = -14.2 kcal mol™"
and AE; = -15.7 keal mol™ for 2 and 5, respectively. There-
fore, the contribution of both symmetrically equivalent n-n
stacking interactions can be roughly estimated by difference
(they are —10.4 and -10.5 kcal mol ™" for 2 and 5, respectively).
Furthermore, we have used an additional dimer, where the
phenyl ring that participates in the C-H:--O H-bonding inter-
actions have been replaced by a hydrogen atom, and conse-
quently, the H-bonding interactions are not formed. The
resulting interaction energies are further reduced to AE; =
-10.6 keal mol ™ and AEg = -11.7 kecal mol ™ for 2 and 5, re-
spectively, which corresponds to the contribution of the CR-
CR nm-stacking interactions. The contribution of both
H-bonding interactions can be estimated by difference (they
are -3.6 and —4.0 kcal mol™* for 2 and 5, respectively).

For the polymeric compound 1, we have used for the cal-
culations the monomeric unit shown in Fig. 10a. It is used to
estimate the interaction energy of the self-assembled
n-stacked dimer that is responsible for the inter-connection
of the 1D chains in the solid state. The self-assembled dimer
is stabilized by the combination of N-H:--Br H-bonds and
n-stacking interactions (n-n and CR:--CR). The dimerization
energy AE, = —36.6 kcal mol ™" is larger than that found for
compounds 2 and 5 likely due to the stronger ability of the
N-H groups to establish H-bonding interactions. To calculate
the contribution of the different forces that govern the

Fig. 8 Conventional and unconventional n-n interactions in the self-assembled stacked 1D polymeric chains present in 1 (a), 2 (b) and 5 (c). Dis-

tances in A. H atoms are omitted for clarity.

1072 | CrysttngComm, 2018, 20, 1065-1076
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(a)

2 X =Br, AE1 =-24.6 kcal/mol
5 X =1, AE4=-26.2 kcal/mol

2, X = Br, AE2 = —14.2 kcal/mol

5 X=1, AEs=-15.7 kcal/mol
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2, X = Br, AE3 = -10.6 kcal/mol
5 X=1, AEs=-11.7 kcal/mol

Fig. 9 (a) Interaction energies of the self-assembled n-stacked dimers observed in the solid state of compounds 2 and 5. (b and c) Interaction en-

ergies in several theoretical models of 2 and 5.

AE7 = -36.6 kcal/mol

AEg = -26.3 kcal/mol

AEg =-16.3 kcal/mol

Fig. 10 (a) Interaction energies of the n-stacked dimers observed in the solid state of compound 1. (b and c) Interaction energies presented in sev-

eral theoretical models of 1.

formation of the self-assembled dimer, we have computed a
theoretical model where the uncoordinated pyridine rings
have been replaced by H atoms (see the small arrows in
Fig. 10b), and consequently the n-n stacking interactions be-
tween the coordinated and uncoordinated pyridine rings are
not formed. As a result, the interaction energy is reduced to
AEg = —26.3 kcal mol ™. Therefore, the contribution of both
symmetrically equivalent n-m stacking interactions can be
roughly estimated by difference (-10.3 kcal mol™) that is
comparable to those obtained for 2 and 5. Furthermore, we
have used an additional dimer, where the bromido ligands
that participate in the H-bonding interactions have been re-
placed by hydride, and consequently, the H-bonding interac-
tions are not formed. The resulting interaction energy is fur-
ther reduced to AE, = -16.3 kecal mol !, which corresponds to
the contribution of the CR---CR stacking interaction. The
contribution of both H-bonding interactions can be esti-
mated by difference (-10.0 kcal mol™). Therefore, the
H-bonding interactions are stronger in compound 1 than in 2
or 5, which is in agreement with the stronger ability of N-H
than C-H group to participate in H-bonding interactions.
Compound 3, which is not polymeric, forms self-
assembled dimers in the solid state governed by the forma-

This journal is © The Royal Society of Chemistry 2018

tion of two symmetrically equivalent chelate ring (CR)---n in-
teractions (see Fig. 11). The chelate ring that participates in
the CR-7 interaction in this compound is not the same one
that participates in CR-CR interactions in compounds 1, 2
and 5, because the Hg-O-C-N-N chelate ring is not planar
due to the rotation of the amido group. The interaction en-
ergy of this dimer is AEg = —18.5 kcal mol™; thus each CR-n
interaction contributes -9.25 kcal mol™ similar to the
CR---CR interactions computed for compounds 1, 2 and 5
and confirms the importance of unconventional n-stacking
interactions in the crystal packing of these compounds.

In order to provide additional evidence for the existence
of the unconventional n-n stacking interactions between the
chelate-ring interactions we have analysed the self-assembled
n-stacked dimer of compounds 2 and 3 (as exemplifying
models) using Bader's theory of “atoms in molecules”
(AIM),*” which provides an unambiguous definition of chemi-
cal bonding. The AIM theory has been successfully used to
characterize and understand a great variety of interactions in-
cluding those described herein. In Fig. 12, we show the AIM
analysis of compounds 2 and 3. In 2 it can be observed that
each conventional -7 interaction (pyridine rings) is charac-
terized by the presence of two bond critical points that

CrystEngComm, 2018, 20, 1065-1076 | 1073
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AE10 = -24.7 kcal/mol

Fig. 11 Self-assembled CR:--n stacked dimer in compound 3. Distance
in A.

interconnect two atoms of the coordinated pyridine ring to
two atoms of the uncoordinated ring, thus confirming the
interaction. Furthermore, the distribution of critical points
reveals the existence of two symmetrically related C-H---O
H-bonding interactions. Each one is characterized by a bond
critical point and a bond path connecting one H atom of the
CH group with the O atom of the chelate ring. Finally, the
unconventional CR---CR interaction is confirmed by the pres-

Fig. 12 AIM analysis of the self-assembled dimers retrieved from the
X-ray structures of compounds 2 (a) and 3 (b). Only the bond critical
points are represented by red spheres. The bond paths connecting the
bond critical points are also represented by dashed lines.

1074 | CrysttngComm, 2018, 20, 1065-1076
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ence of two bond critical points interconnecting two atoms of
the chelate rings. In 3, the CR-n interactions are character-
ized by the presence of three bond critical points and bond
paths that interconnect the rings. The value of the Laplacian
of the charge density at the bond critical points is positive,
which is common in closed-shell interactions.

Conclusions

Understanding the variances in the structural properties of
systematically modified crystalline materials assists in the ra-
tional design of new materials with predictable crystal struc-
ture. For this reason, we have prepared and structurally char-
acterized five new metal complexes of a Hg(u) metal center
with two hydrazine-based ligands (HL and HL,). Four com-
pounds exhibit remarkable chelate ring-chelate ring and n-n
heterocycle stacking interactions in the solid state. Analysis
of energies associated to the interactions, including the esti-
mation of contributions of the different forces, has been
conducted using DFT calculations, and further corroborated
with Bader's theory of “atoms in molecules”. The results gave
ample evidence for preferential formation of both unconven-
tional and conventional ring stackings, and allow us to con-
clude that chelate ring interaction may be considered as a
synthon interaction for nicotinohydrazide metal complexes.
The interaction energies reported herein confirm that the
chelate-chelate interactions are stronger than those reported
for classical t-n complexes.**

Hirshfeld surface analysis and 2D fingerprint plots of the
crystal structures reported here gave an insight into packing
differences imposed by the substituent effect. The most sig-
nificant effects result from the presence of a phenyl ring in 4
instead of a methyl group (in 3). It is attributed as an origin
for the increased share of dispersive H---H contacts in the
former compound, since the phenyl ring is capable of
forming dispersive contacts at a much larger area than the
much smaller methyl group. Apart from that, the phenyl sub-
stituent in 4 hampers the formation of chelate ring stacking,
which is reflected in the shape and properties of the dyorm-
mapped Hirshfeld surface.

The interactions studied in this work are important to un-
derstand the formation of metal-organic assemblies in the
solid state. The results reported herein might be useful to un-
derstand the solid state architecture of materials that contain
M(u)-chelate rings and organic aromatic molecules.
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