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Three new copper(ll) complexes, have been prepared from a tetradentate symmetrical Schiff
base and characterized by elemental analysis, IR and UV-Vis spectroscopy and single-crystal X-ray
diffraction studies. Density functional theory (DFT) calculations were employed to estimate the
contribution of each interaction to the formation of the assembly using several theoretical models. The
interplay between the anion—m and m—m interactions are also analyzed and a mutual reinforcement of

both interactions is demonstrated.
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Three new copper(ll) complexes, [Cu(L)(CI)]CIO4 (1), [Cu(L)(Br)]CIO4 (2) and [Cu(L)(1)]CIO, (3), have been

prepared from a tetradentate symmetrical Schiff base, N,N’-bis-(1-pyridin-2-yl-ethylidene)-propane-1,3-
diamine (L) and characterized by elemental analysis, IR and UV—-Vis spectroscopy and single-crystal X-ray
diffraction studies. Density functional theory (DFT) calculations were employed to estimate the
contribution of each interaction to the formation of the assembly using several theoretical models. The
interplay between the anion—-n and n—mn interactions are also analyzed and a mutual reinforcement of
both interactions is demonstrated. The assignment of the contribution of each interaction and its mutual
influence is certainly important to shed light into the delicate mechanism that governs the molecular

recognition and crystal packing.

Introduction

The constructions of supramolecular networks with interesting
non-covalent interactions are important binding forces in many
areas of chemistry and biochemistry. In particular, the
construction supramolecular assemblies is considered as an
interesting research topic due to the new possibilities to prepare
structures with different size and shape.' Understanding the
formation of the assemblies through the variety of cooperative
noncovalent interactions is crucial to gain knowledge in this
field. Several well established noncovalent interactions such as
hydrogen bonding,” n-stacking,’® cation—r,* C—H/x’® forces have
been used to govern the organization of multi-component
supramolecular assemblies. Moreover, other less established
forces like lone-pair~n® and anion—m interactions’ have open
new possibilities in supramolecular recognition and have
emerged as a new concept in anion-transport, anion-sensing and
anion-recognition chemistry,® transmembrane anion transport’
and catalysis.'® In particular, the relevance of noncovalent
anion—7t interaction, which occurs between an electron-deficient
aromatic system and an anion, has been evidenced in the gas
phase,'" in solution,'” solid-state,'* and broadly analyzed by
means of theoretical'* and experimental investigations. ">

Chelating ligands have played a vital role in the progress of the
coordination chemistry related to magnetism, molecular
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architectures, enzymatic reaction etc.'® Amongst them, the
increasing popularity of the Schiff bases is probably related
with their facile synthesis and good properties like flexibility
and complexation ability.'” The synthesis of the symmetrical di-
Schiff bases derived from 2-pyridyl carbonyl compounds has
attracted a lot of attention as they could be used for the
synthesis of metal complexes with exciting optical, magnetic
and electrical properties.'® They are also interesting for their
potential abilities in biological modelling application,'’ e.g. to
mimic the Ny donor set of copper(Il) in Cu,Zn, superoxide
dismutase (Cu,Zn,SOD).?’ A tetradentate symmetrical di-Schiff
base ligand, N,N’-bis-(1-pyridin-2-yl-ethylidene)-propane-1,3-
diamine (L) is widely used by several groups to prepare a
number of copper(Il) complexes.’! We have also used this
ligand in our previous work to prepare some copper(Il)
complexes with pseudo-halides as co-ligands.”? This ligand
contains several  systems with the potential ability to establish
different supramolecular assemblies based on interactions
involving m-systems.

Keeping this in mind, we report herein the synthesis of three
new copper(Il) complexes with this N4 donor tetradentate
Schiff base and with halide co-ligands. We have examined the
structural features in detail that reveal supramolecular extended
networks generated through weak non-covalent forces. In
addition to the synthesis and X-ray characterization of the
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complexes, we shed light to the formation mechanism of the
assemblies by means of density functional theory (DFT)
calculations, estimating the contribution of each interaction to
the formation of the assembly using several theoretical models.
We also analyze the interplay between the anion—n and m—=n
interactions and we demonstrate a mutual reinforcement of both
interactions. The assignment of the contribution of each
interaction and its mutual influence is certainly important to
shed light into the delicate mechanism that governs the
molecular recognition and crystal packing.

Experimental

All chemicals were of AR grade and were used as purchased
from Sigma-Aldrich without further purification.

Caution!!! Although no problems were encountered in this
work, perchlorate salts containing organic ligands are
potentially explosive. Only a small amount of the material

should be prepared and they should be handled with care.

Synthesis of the ligand, L [ N,N’-bis-(1-pyridin-2-yl-ethylidene)-
propane-1,3-diamine]

The Schiff base ligand (L) was prepared by condensation of
1,3-diaminopropane (5 mmol, 0.42 cm?®) and 2-acetylpyridine
(10 mmol, 1.2 cm?) in methanol (25 cm®) under reflux for 3h.
The ligand was not isolated and the yellow coloured methanol
solution was used directly for the synthesis of complexes.

Synthesis of [Cu(L)(CD)]CI1O4 (1)

A methanol solution of copper(Il) perchlorate (5 mmol, 1.85 g)
was added into the methanol solution of the ligand (L) and
h. A bright
[CuL(ClO,),], was separated out on cooling and collected by

refluxed for 1 blue crystalline complex,
filtration. A methanol solution (10 cm®) of potassium chloride
(1 mmol, 0.075 g) was added into the methanol solution of
[CuL(ClO,),] (1 mmol, 0.542 g). The mixture was stirred for
1h. Deep-green single crystals, suitable for X-ray diffraction,
were obtained on slow evaporation of the methanol solution in
open atmosphere.

Yield: 0.365 g (76%), Anal. Calc. for C7H,,Cl,CuN,O4 (FW
478.82): C, 42.64; H, 4.21; N, 11.70. Found: C, 42.70; H, 4.20;
N, 11.65 %. IR (KBr, cm™) 1620 (vcy), 1088 (Veios); UV-Vis,
Amax (M) [€na(dm® mol™ em™)] (acetonitrile) 219 (2.775%10%),
277 (1.255x10%), 775 (229). Magnetic moment: 1.72 pg.

Synthesis of [Cu(L)(Br)]Cl04 (2)

Complex 2 was prepared in a similar method as that of complex
1 except that potassium bromide (1 mmol, 0.119 g) was added
instead of potassium chloride. X-ray quality single crystals
were grown from acetonitrile solution.

Yield: 0.42 g (80%), Anal. Calc. for C;;H,(BrCICuN,O4 (FW
523.77): C, 39.02; H.3.85; N, 10.71; Found: C, 39.10; H, 3.80;
N, 10.69%. IR (KBr, cm™) 1620 (veoy), 1085 (veios); UV-Vis,
Amax (0M) [Emax(dm® mol™! cm™)] (acetonitrile) 221 (3.2x10%),
279 (1.295x10%), 788 (336). Magnetic moment: 1.71 pg.
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Synthesis of [Cu(L)(D]C10,4 (3)

Complex 3 was also prepared in a similar method as that of
complex 1 except that potassium iodide (1 mmol, 0.166 g) was
used instead of potassium chloride. X-ray quality, deep green
single crystals were grown from DMSO solution.

Yield: 0.48 g (84%). Anal. Calc. (%) for C;7H,oCICulN4O4
(FW 570.27): C, 35.80; H, 3.53; N, 9.82. Found: C, 35.85; H,
3.50; N, 9.79.IR (KBr, cm™): 1593 (vc—y), 1080 (vio4); UV-
Vis, Amax (M) [emax, (dm*mol'em™)] (acetonitrile) 242
(1.6839x10%, 277 (1.002x10%, 340 (2657), 820 (356).
Magnetic moment: 1.72 pg.

Physical measurements

Elemental analysis (carbon, hydrogen and nitrogen) was
performed using a PerkinElmer 240C elemental analyzer. IR
spectra in KBr (4500-500 cm™) were recorded using a
PerkinElmer FT-IR spectrometer Spectrum Two. Electronic
spectra in acetonitrile (1200200 nm) were recorded in JASCO
V-630 Spectrophotometer. Fluorescence spectra were obtained
on Shimadzu RF-5301PC spectrofluorophotometer at room
temperature. The magnetic susceptibility measurements were
done with an EG and PAR vibrating sample magnetometer,
model 155 at room temperature (300 K) in 5000 G magnetic
field and diamagnetic corrections were done using Pascal’s
constants.”® Effective magnetic moments were calculated using
the formula pey = 2.828(xwT)"?, where yy is the corrected
molar susceptibility. The instrument was calibrated using
metallic nickel. Powder X-ray diffraction was performed on a
Bruker D8 instrument with Cu-Ka radiation. In this process, the
complexes were ground in a mortar pestle to prepare fine
powders. The powders were then dispersed with alcohol onto a
zero background holder (ZBH). The alcohol was allowed to
evaporate to provide a nice, even coating of powder adhered to
the sample holder.

X-ray Crystallography

Suitable crystals were picked, mounted on a glass fiber and
diffraction intensities were measured with an Oxford
Diffraction XCalibur, Eos equipped with Mo-Ka radiation (A
=0.71073 A, 50 kV, 40 mA) at an ambient temperature (293 K).
Data collection and reduction was performed with the Oxford
diffraction Crysalis system. The structures of complexes were
solved by direct methods and refined by full-matrix least
squares on F°, using the SHELX-97 package. Non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were
their
constrained to ride on their parent atoms. Programs used:
SHELXL-97,>* PLATON,* DIAMOND,”® ORTEP?
MERCURY % Significant crystallographic data are summarized

placed in geometrically idealized positions and

and

in Table 1. Selected bond lengths and bond angles are gathered
in Table 2.

Computational methods

This journal is © The Royal Society of Chemistry 2014
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Table 1: Crystallographic data for complexes 1-3.

Page 4 of 10

1
Formula C17H20C12CUN4O4
Formula Weight 478.82
Crystal System Triclinic
Space group P-1
a(A) 8.4513(4)
b (A) 8.8335(4)
c(A) 13.1616(6)
a () 92.630(4)
B () 94.799(4)
v (©) 96.103(3)
z 2
dea (g cm™, 1.636
p(mm™) 1.430
F(000) 490
Total reflection 15689
Unique Reflections 4420
Observed data[I >20(I)] 3645
Rine 0.038
Goodness-of-fit 1.02

R1, wR2 (all data)
R1, wR2 [I>20(1)]

0.0592,0.1284
0.0478,0.1218

The energies of all complexes included in this study were
computed at the BP86-D3/def2-TZVP level of theory. The
geometries have been obtained from the crystallographic
coordinates. The calculations have been performed by using the
program TURBOMOLE (Version 6.5).* For the calculations
we have used the BP86 functional with the latest available
correction for dispersion (D3).*

We have used the NCI method®' to study the double anion—n
and m—m interactions observed in the X-ray structures. This
method relies on two scalar fields to map local bonding
properties: the electron density (p) and the reduced-density
gradient (RDG, o). It is able of mapping real-space regions
where non-covalent interactions are important and is based
exclusively on the electron density and its gradient. The
information provided by NCI plots is essentially qualitative, i.e.
which molecular regions interact. The color scheme is a red-
blue scale with red for p'o (repulsive) and blue for p oy
(attractive). Moreover, green and yellow isosurfaces correspond
to weakly attractive and weakly repulsive interactions,
respectively.

Hirshfeld Surface Analysis

32-34 35-37

Hirshfeld surfaces and the associated 2D-fingerprint
plots were calculated using Crystal Explorer,”® which accepted
a structure input file in CIF format. Bond lengths to hydrogen
atoms were set to standard values. For each point on the
Hirshfeld isosurface, two distances d., the distance from the
point to the nearest nucleus external to the surface and d;, the
distance to the nearest nucleus internal to the surface, were
defined. The normalized contact distance (d,,m) based on d.
and d; was given by

(di - I'inW) (de - rchw)

dnorm = : vwd
I vwd e

This journal is © The Royal Society of Chemistry 2014

2 3
C 1 7H20BrClCuN4O4 C 1 7H2()IC1CUN4O4
523.27 570.27
Triclinic Triclinic
P-1 P-1
8.2691(17) 8.3319(6)
8.8985(8) 9.2183(6)
12.9934(15) 13.2704(11)
92.082(9) 91.819(6)
94.504(13) 94.151(6)
96.468(12) 95.975(6)
2 2
1.837 1.875
3.440 2.772
526 562
8305 11938
4255 4484
3273 3650
0.045 0.039
0.96 1.18

0.0595, 0.1054
0.0414, 0.0913

0.0853,0.2839
0.0664,0.2120

where ;"W and r,*V were the van der Waals radii of the atoms.
The value of d,, was negative or positive depending on
intermolecular contacts, being shorter or longer than the van der
Waals separations. The parameter d,,, displayed a surface with
spots
highlighted shorter contacts, white areas represented contacts

a red-white-blue color scheme, where bright red
around the van der Waals separation, and blue regions were
devoid of close contacts. For a given crystal structure and set of
spherical atomic electron densities, the Hirshfeld surface was
unique®® and it was this property that suggested the possibility
of gaining additional insight into the intermolecular interaction
of molecular crystals.

Table 2: Selected bond lengths (A) and bond angles (°).

1 (X=Cl) 2 (X=Br) 3(X=D)
Cu(1)-N(1) 2.089(3) 2.058(3) 2.067(6)
Cu(1)-N(2) 1.975(3) 1.950(3) 1.978(6)
Cu(1)-N@3) 2.015(3) 1.992(3) 2.014(6)
Cu(1)-N(4) 2.000(3) 1.971(3) 2.011(6)
Cu(1)-X(1) 2.401(1) 2.515(1) 2.750(1)

N(1)-Cu(1)-N(2) 79.48(10)  80.00(11) 80.3(2)

N(1)-Cu(1)-N(3) 136.03(10)  136.96(11)  138.1(2)

N(1)-Cu(1)-N(4) 99.11(10)  99.18(11) 99.4(2)

N(@)-Cu(1)-N(3) 92.32(11)  92.02(12) 92.2(2)

N(2)-Cu(1)-N(4) 166.67(11)  167.24(12)  168.1(3)

NQG3)-Cu(1)-N(4) 79.44(11)  79.85(11) 80.12)

X(1)-Cu(1)-N(1) 104.36(8)  104.09(7)  103.77(16)

X(1)-Cu(1)-N(2) 97.18(8) 97.17(9) 96.53(19)

X(1)-Cu(1)-N(3) 119.56(8)  118.90(8)  118.10(16)

X(1)-Cu(1)-N(4) 96.01(8) 95.38(8) 95.10(18)

Results and Discussion

Synthesis

The 1:2 condensation of 1,3-diamidiaminopropane with 2-
acetylpyridine produced the neutral tetradentate ligand, N,N'-
bis-(1-pyridin-2-yl-ethylidene)-propane-1,3-diamine (L), which
on reaction with copper(Il) perchlorate hexahydrate yielded
[CuL(ClO,),].3* Reaction of [CuL(ClO,),] with chloride,

CrystEngComm, 2014, 00, 1-3 | 3
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bromide and iodide separately produced penta-coordinated
copper(Il) complexes, [Cu(L)(Cl)]CIO, (1), [Cu(L)(Br)]CIO,
(2) and /Cu(L)(1)]CIO,(3). The formation of all the complexes
is shown in Scheme 1.

05CIO
)
| A MeOH/reflux NG /N\
+ 1:2 ratio u
O = /N
NHz NH; N Cu(CIO,),6H;0 [N AN
2 VN

KX, (X = Cl, Br, I)

B

—N N 1,X=Cl
N/
A /CU\ Y ClOy4 2, X=Br
3, X=1
— X =~

Scheme 1: Synthesis of the complexes 1-3.

IR and UV-VIS spectra, fluorescence, magnetic moments and
PXRD

In the IR spectra of all the complexes, no bands due to vym
could be observed indicating the condensation of the free amine
groups. The bands corresponding to azomethine (C=N) groups
are distinct and occur within 1612-1620 cm™.*’ The lowering
of the positions of the bands indicates their coordination to the
metal centres. The sharp single peak at about 1088 cm™'foreach
of the complexes supports the presence of ionic perchlorate in
the complexes.*’ The electronic spectra of all the complexes
consist of one d-d transition band of lower intensity in the
visible range (~700 nm). Intense bands in the UV region
correspond to ligand to metal charge transfer transitions (Fig.
1). All the complexes show luminescence in acetonitrile
solution. These assigned as intra-ligand '(n-n")
fluorescence. The luminescence data are listed in Table 3

are

(without solvent correction). The room temperature magnetic
susceptibility measurements show that all the complexes have
magnetic moments close to 1.73 BM as expected for discrete
magnetically non-coupled spin-only value for copper(Il) ion,
with single unpaired electron sited in an essentially dxz_y2

orbital. This value was also observed in similar systems.**™**

Table 3: Photophysical data for the complexes 1-3.

Complex Absorption (nm) Emission (nm)
1 270 301
2 270 301
3 270 301

The experimental PXRD patterns of the bulk products are in
good agreement with the simulated XRD patterns from single-
crystal X-ray diffraction, indicating consistency of the bulk

4 | CrystEngComm, 2014, 00, 1-3
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samples (Figs. S1-S3, Electronic Supplementary Information).
The simulated patterns of the complexes are calculated from the
single crystal structural data (Cif file) using the CCDC Mercury

software.
—ClI
Br
=]
1.5 5 0040
0035
%
§ 0025
8 1.0 H é 0020
= LI
o
5 0010
3 s /\\
<
0.5 P P "
Wavelength(nm)
0.0 -
¥ T ¥ T ¥ T 1
200 400 600 800 1000

Wavelength(nm)

Figure 1: The UV-Vis spectra of the complexes in acetonitrile.

Structure descriptions

Each of the complexes 1-3 crystallises in triclinic space group
P-1. The structures consist of discrete mononuclear units. The
structures of the three complexes are isomorphous. In each of
the complexes, the penta-coordinated copper(Il) is ligated by
two imine nitrogen atoms {N(2), N(3)} and two pyridine
nitrogen atoms {N(1), N(4)}, from a tetradentate symmetrical
di-Schiff base and a halide co-ligand {CI(1) in 1, Br(1) in 2 and
I(1) in 3}. The distortion of the coordination polyhedron from
the square pyramid to the trigonal bipyramid is calculated by
the Addison parameter (t) as an index of the degree of
trigonality.** The value of t is defined as the difference between
the two largest donor-metal-donor angles divided by 60, a value
that is O for the ideal square pyramid and 1 for the ideal trigonal
bipyramid. The Addison parameters are 0.509 (for 1), 0.503
(for 2) and 0.497 (for 3), indicating the actual geometries of
copper(Il) are intermediate between trigonal bipyramid and
square pyramid.

Figure 2: Perspective view of the complex 1. Only the relevant atoms are
labelled. Perchlorate ion is not shown for clarity.

This journal is © The Royal Society of Chemistry 2014
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anion—-r/t—n/r-anion assembiies

Figure 3: X-ray structure of centrosymmetric compounds 1-3 with indication of the anion/n—r/anion assembly. Non covalent interactions are represented by
dashed lines. Distances are in A.

The perspective view of complex 1 together with the selective
atom-numbering scheme is shown in Fig. 2. The molecular
structures of complexes 2 and 3 are very similar to that of
complex 1. The perspective views of the complexes 2 and 3 are
shown in Figs. S4 and S5 (Electronic Supplementary
Information). Deviations of the coordinating atoms, N(1), N(2),
N(@3) and N(4), from the plane passing through them are
0.256(3), -0.279(3), 0.284(3) and -0.262(3) A in 1, 0.256(3), -
0.279(3), 0.274(3) and -0.251(3) A in 2 and 0.251(6), -0.273(7),
0.277(6), -0.254(7) A in 3. The copper(Il) is displaced 0.4940(4)
Ain 1, 0.4746(4) A in 2 and 0.4611(9) A in 3 from this plane
towards the coordinated halide. The Cu(l)-halogen bond
lengths are 2.4011(11) A in 1, 2.51458) A in 2 and
2.7504(11)A in 3. In each of the complexes, the six-membered
chelate ring, Cu(1)-N(2)-C(8)-C(9)-C(10)-N(3), assumes a
boat conformation with puckering parameters, ¢g; = -0.055(3) A,
g =Q=0.7573) A, 6 = 94.1(2)°, ¢ = 189(3) in 1, ¢q3 = -
0.069(3) A, ¢, = Q =0.755(3) A, 6 = 95.2(2)°, ¢ = 341.0(3)° in
2 and ¢; = -0.077(8)A, ¢. = Q = 0.771(8) A, 6 = 95.7(6)°, ¢ =
18.7(6)° in 3.* The dihedral angle between the pyridine rings of
the Schiff base is 55.31(16)° in 1, 55.70(17)° in 2 and 54.4(4)°
in 3.

Theoretical study

The theoretical study is focused to the analysis of the
interesting noncovalent interactions observed in the solid state
architecture of the three compounds (Fig. 3) with special
interest to the anion/m—m/anion assemblies. All structures are
isomorphic and, consequently, they have the same 3D
architecture and the distances that characterize each interaction
are similar. Obviously, the coordination of the ligand to the
Cu(Il) ion increases the m-acidity of the ring and the anion—=n
interaction is expected to be very favorable. In this study we
attempt to provide individual energetic values to the different
contributions of the noncovalent interactions to the formation of
the assembly. In is interesting to note that the anion—n
interaction is ditopic; that is the ClO, anion interacts with two
different -systems (considering the C=N double bond as a part

This journal is © The Royal Society of Chemistry 2014

of the m-system since it is conjugated with the pyridine ring) by
means of two different oxygen atoms (Fig. 3, left).

AE4 (Cu”) —80 6 kcal/mol
AE5 (Cu') = —15.5 kcal/mol

(©)

%W

"ﬁ
AE3 =—4.4 kcal/mol

Figure 4: Theoretical models and interaction energies of several anion—m and
anion—n—nt complexes assemblies based on the solid state structure of
compound 1. Distances are in A.

AE4 = -16.7 kcal/mol

We have first analyzed computationally the anion—r interaction
using several models (Fig. 4). It should be mentioned that the
moiety formed by the Cu(Il) metal center complexed to the
tetradentate Schiff base ligand and the halide coligand is
cationic. Therefore there is a strong contribution of a non
directional and purely electrostatic interaction between the
counter-ions. In fact the anion—m interaction in compound 1
(selected as a representative model) is AE; = —80.6 kcal/mol. In
order to estimate the strength of the anion—r contact without the
contribution of this purely electrostatic interaction, we have
used two different theoretical models. In the first one, the Cu(I)
metal center has been used instead of Cu(Il). As a result the
interaction is reduced to AE, = —15.5 kcal/mol that can be
attributed to the double anion—m interaction. In the second one,

CrystEngComm, 2014, 00, 1-3 | 5
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an additional perclhorate anion has been included in the model
(see Figure 4B). In this model the interaction is reduced to AE,
= —35.4 kcal/mol that is considerably more favorable than AE,
(model using Cu(l)) because purely electrostatic interactions
are important in this model due to the proximity of the metal
ion. Furthermore, we have used another theoretical model
where the copper and the halide coligand have been eliminated
and only the tetradentate Schiff base ligand and the anion is
considered. As a consequence, the interaction is further reduced
—4.4  kcal/mol,
coordination of the ligand to the metal center drastically

to a modest AE; = indicating that the
increases the acidity of the m-system. Finally, we have also
study possible cooperativity effects between the anion—m and
n—7 interactions. In particular we have evaluated the anion—mn
interaction (using Cu') in the theoretical model used shown in
Fig. 4D where the n—r interaction has been previously formed
and the interaction energy is AE; = —16.7 kcal/mol (more
negative than AE,) indicating that the anion—m interaction is
likely reinforced by the presence of the n—r interaction.

AEs = —17.3 kcal/mol
AEs(cin) = —10.9 kcal/mol

AEg = —18.3 kcal/mol
AEg(r—H) = —11.0 kcal/mol

AE7 = -17.6 kcal/mol
AE7(1_p) = —10.0 kcal/mol

Figure 5: Cu'-theoretical models and interaction energies of several n—n
complexes based on the solid state structure of compound 1-3. Distances in A.

We have also analyzed computationally the ©—m interaction that
is responsible for the formation of the assemblies shown in Fig.
3. In addition to the m-stacking interaction, the complex is
further stabilized by self-complementary C-H---X
hydrogen bonds (X = Cl, Br and I, Fig. 5). In order to estimate
both interactions separately, we have computed the binding
energies of two theoretical models for each compound: one
corresponds to the self-assembled dimer found in the X-ray
structure and in the other one the halide has been replaced by
hydride (highlighted in Fig. 5D). The interaction energies
(using Cu') for each compound (both models) are summarized
in Fig. 5 and from the inspection of the results the following
issues arise. First, the m—mn interaction is similar in all dimers,
ranging from AE;;_u = —10 kcal/mol to AEq .y = —11
kcal/mol. The contribution of both C—H---X hydrogen bonds
can be estimated by considering both interaction energies

two

6 | CrystEngComm, 2014, 00, 1-3
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computed for each complex. For instance in compound 1 (X =
Cl) the energy associated to each C—H---Cl interaction is AEyg
= %[AE;qu — AE;] = -3.2 kcal/mol. The H-bonding
interaction is similar in all complexes ~3.5 kcal/mol that is
modest compared to the anion—n and n—r interactions.

Figure 6: The NCI surface of anion/n—r/anion assembly is shown. NCl surface
shows only intermolecular interactions.

Finally, we have used the NCI (Non Covalent Interaction) plot
to study the different noncovalent interactions observed in
compound 1 as a model of all isomorphic structures. It is a
visualization index based on the electron density and its
derivatives, and enables identification and visualization of non-
covalent interactions efficiently. The isosurfaces 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. NCI analysis allows an assessment of
host-guest complementarity and the extent to which weak
interactions stabilize a complex. In Fig. 6 we show the
representation of the NCI plot computed for the anion/n—
m/anion assembly. Several non-covalent regions clearly appear
between the anions and m-systems. The interaction of the anion
with both m-systems of the tetradentate ligand and the Cu atom
originates an extended isosurface that almost covers the entire
ligand. The n—m interaction is also characterized by an extended
isosurface covering both aromatic rings. In contrast the H-
bonding interaction is characterized by a very small isosurface
that it is a clear indication of the higher directionality of this
interaction.

Hirshfeld surfaces

The Hirshfeld surfaces of all the complexes, mapped over a
dporm (range of -0.1 to 1.5 A), shape index and curvedness are
illustrated in Figures 7-9. The surfaces are shown as transparent
to allow visualization of the molecular moiety, in a similar
orientation for both structures, around which they are

calculated.

This journal is © The Royal Society of Chemistry 2014
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ARTICLE

Journal Name

2(b)

1(b) 3(b)
Figure 8: Hirshfeld surfaces mapped over shape index (top) and curvedness
(bottom) for complexes 1 (left), 2 (middle) and 3 (right).
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Figure 9: Fingerprint plots of 1 (left), 2 (middle) and 3 (right): Full (top) and
resolved into X:--H/H---X (bottom) contacts showing the percentages of contacts
contributed to the total Hirshfeld Surface area of molecules [X=Clin 1, Brin 2

and lin 3].

The dominant interaction between halogen (X) and hydrogen
(H) atoms can be observed in the Hirshfeld surface as the red
areas in Figure 7. Other visible spots in the Hirshfeld surfaces
correspond to O---H and H---H contacts. The small extent of
area and light color on the surface indicates weaker and longer
contact The X---H/H---X
intermolecular interactions appear as distinct spikes in the 2D
fingerprint plots (Figure 9). Complementary regions are visible
in the fingerprint plots where one molecule act as donor (de>di)

other than hydrogen bonds.

and the other as an acceptor (de<di). The fingerprint plots can
be decomposed to highlight particular atoms pair close
contacts.  This separation  of
contributions from different interaction types, which overlap in
the full fingerprint. The proportions of X---H/H---X
interactions comprise 13.6%, 14.0% and 13.3% of the Hirshfeld
surfaces for each molecule of the complexes 1, 2 and 3

decomposition  enables

respectively. The X---H interaction is represented by a spike
(di=1.667, de= 1.053 A in 1, di=1.76, de=1.033 A in 2 and
di=1.866, de=1.047 A in 3) in the bottom left (donor) area of
the fingerprint plot (Figure 9). The H---X interaction is also
represented by another spike (de=1.667, di=1.067 A in 1,
de=1.753, di=1.033 A in 2 and de=1.866, di=1.04 A in 3) in the
bottom right (acceptor) region of fingerprint plot and can be
viewed as a pair of large red spots on the d,, surface (Figure
7).

This journal is © The Royal Society of Chemistry 2014

Conclusion

We have synthesized three mononuclear copper(Il) complexes
with a tetradentate Schiff base, and
perchlorate as counter anion (1-3). A common feature in all

halide co-ligands

compounds is the formation of anion/n—n/anion assembly that
is crucial to explain the 3D architecture of the complexes in the
solid state. In the theoretical study we have estimated the
contribution of each interaction to the formation of the
assembly and the interplay between the anion—rn and n—=
interactions. The mutual reinforcement of both interactions has
been demonstrated computationally. The assignment of the
contribution of each interaction and its mutual influence is
certainly important to gain general knowledge in the intricate
mechanism that governs the molecular recognition and crystal
packing since it could be useful to the crystal engineering
community. It was found that the systematic change of the
halide co-ligands in compounds 1-3 has a very small influence
upon the interaction energies of both the m—m and C-H---X
hydrogen bonds that are responsible for the formation of the
self-assemblies in their solid state structures. Finally, the NCI
plot reveals extended surfaces that characterize the less
directional surface
characterizing the more directional C—H---X hydrogen bonds.

aromatic interactions and a small

CrystEngComm, 2014, 00, 1-3 | 7
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Hirshfeld surfaces were also drawn to support the C—H---X
hydrogen bonds.
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