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ies of halogen and hydrogen
bonding interactions in the solid state structures of
vanadyl Schiff base complexes†

Snehasish Thakur,a Michael G. B. Drew,b Antonio Franconetti, c

Antonio Frontera *c and Shouvik Chattopadhyay *a

Two mononuclear and two dinuclear vanadium(V) complexes, [VO2L
1] (1), [VO2L

2] (2), (m-O)2[V(O)(L3)]2 (3)

and (m-O)2[V(O)(L4)]2$2H2O (4), where HL1 ¼ 4-bromo-6-[(2-phenylaminoethylimino)methyl]phenol, HL2

¼ 2-((2-(diethylamino)ethylimino)methyl)-4-chlorophenol, HL3 ¼ 2-((2-(ethylamino)ethylimino)methyl)-

4-chlorophenol and HL4 ¼ 2-(1-(2-(ethylamino)ethylimino)ethyl)phenol have been synthesized and

characterized. Structures of all complexes have been confirmed by single crystal X-ray diffraction

studies. Complexes 1, 2, and 3 exhibit significant halogen bonding interactions in their solid state

structures. The energies associated to the supramolecular interactions have been explored using Density

Functional Theory (DFT) calculations, and further confirmed with non-covalent interaction (NCI) plots.
1. Introduction

Supramolecular chemistry is enriched by the participation of
carbon-bound halogen atoms (acting as electron acceptors),
forming short contacts with both neutral and negatively
charged species, having abilities to act as electron donors.1 This
type of supramolecular interaction is commonly known as
‘halogen bonding’ to indicate their similarity with hydrogen
bonding interactions.1b,1e These non-covalent interactions have
been shown to have signicant contribution in controlling the
aggregation of different organic molecules in solid,2 liquid,3 and
gases.4 Supramolecular chemists are very much interested in
analyzing the nature of these halogen bonding interactions.5

Although hydrogen bonding interactions are the most
frequently used means to assemble molecules in solid, liquid,
and gas phases, and play important roles in stabilizing supra-
molecular aggregates even in water,6 the literature shows
examples where ‘halogen bonding’ interactions may dominate
over the hydrogen bonding interactions, depending upon the
type of substituents and orientation of the responsible atoms
with respect to the electron donor groups.7 However, there is no
report in the literature regarding the analysis of halogen
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bonding interactions in the supramolecular systems generated
by vanadyl Schiff base complex building blocks.

Recently, we have reported the synthesis and characteriza-
tion of few vanadyl Schiff base complexes along with the anal-
ysis of supramolecular interactions in their solid state
structures.8 Supramolecular interactions in those complexes
were mainly governed by C–H/p, p/p (chelate ring) and
hydrogen bonding interactions. In the present work, we have
designed the Schiff bases in such a way that supramolecular
systems could be generated with the help of halogen bonding
interactions along with conventional hydrogen bonding inter-
actions. Four tridentate N2O donor Schiff bases, HL1 (4-bromo-
6-[(2-phenylaminoethylimino)methyl]phenol), HL2 2-((2-
(diethylamino)ethylimino)methyl)-4-chlorophenol, HL3 2-((2-
(ethylamino)ethylimino)methyl)-4-chlorophenol and HL4 2-(1-
(2-(ethylamino)ethylimino)ethyl)phenol have been used to
prepare four complexes, [VO2L

1] (1), [VO2L
2] (2), (m-

O)2[V(O)(L
3)]2 (3) and (m-O)2[V(O)(L

4)]2$2H2O (4). Signicant
halogen bonding interactions have been observed in the solid
state structures of complexes 1, 2 and 3. The energies involved
in these interactions have been examined using DFT calcula-
tions, and further conrmed with NCI plots. The ndings are
impressive and hopefully encouraging for coordination as well
as supramolecular chemists working in related areas.
2. Experimental section

VOSO4$5H2O was purchased from Loba Chemie Pvt. Ltd. and
was of reagent grade. All other starting materials were
commercially available, reagent grade, and used as purchased
from Sigma-Aldrich without further purication.
RSC Adv., 2019, 9, 4789–4796 | 4789
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2.1 Preparation

2.1.1 Preparation of ligands, 4-bromo-6-[(2-
phenylaminoethylimino)methyl]phenol (HL1), 2-((2-
(diethylamino)ethylimino)methyl)-4-chlorophenol (HL2), 2-((2-
(ethylamino)ethylimino)methyl)-4-chlorophenol (HL3) and 2-(1-
(2-(ethylamino)ethylimino)ethyl)phenol (HL4). The tridentate
Schiff base ligand, HL1, was prepared by reuxing 5-bromosa-
licylaldehyde (201 mg, 1 mmol) with N-phenylethylenediamine
(0.13 mL, 1 mmol) in CH3CN (10 mL) for ca. 1 h. HL2 was
prepared in a similar method to that of HL1, except that N,N-
diethylethylenediamine (0.14 mL, 1 mmol) and 5-chlor-
osalicylaldehyde (156 mg, 1 mmol) were used instead of N-
phenylethylenediamine and 5-bromosalicylaldehyde, respec-
tively. The tridentate ligands, HL3 and HL4, were synthesized by
reuxing N-ethylethylenediamine (0.11 mL, 1 mmol) with 5-
chlorosalicylaldehyde (156 mg, 1 mmol) and 20-hydrox-
yacetophenone (136 mg, 1 mmol), respectively in CH3CN (10
mL) for ca. 1 h 30 min. All these ligands were not isolated and
were directly used for the synthesis of their respective
complexes.

2.1.2 Preparation of complexes [VO2L
1] (1), [VO2L

2] (2), (m-
O)2[V(O)(L

3)]2 (3) and (m-O)2[V(O)(L
4)]2$2H2O (4). All complexes

were prepared in a general synthetic procedure. DMF or CH3CN
(10 mL) solution of VOSO4$5H2O (253 mg, 1 mmol) was added
to the CH3CN solution (20 mL) of the synthesized tridentate
ligand and the resulting solution was then reuxed for ca. 3 h.
Subsequently, it was cooled to room temperature, ltered and
kept for crystallization. Single crystals, suitable for X-ray
diffraction, were obtained aer 3–7 days on slow evaporation
of the ltrate in open atmosphere.

[VO2L
1] (1). Yield: 289 mg (72%); anal. calc. for C15H14BrN2-

O3V (FW ¼ 401.12) C, 44.91; H, 3.52; N, 6.98%. Found: C, 44.8;
H, 3.4; N, 7.1%; FT-IR (KBr, cm�1): 3077(nN–H), 1630(nC]N), 925,
825(nV]O), UV-Vis, lmax (nm), [3max (L mol�1 cm�1)] (DMF), 334
(4.1 � 103). Magnetic moment ¼ diamagnetic.

[VO2L
2] (2). Yield: 229 mg (68%); anal. calc. for C13H18ClN2-

O3V (FW ¼ 336.68): C, 46.37; H, 5.39; N, 8.32%. Found: C, 46.3;
H, 5.2; N, 8.4%; FT-IR (KBr, cm�1): 1627 (nC]N), 935, 819 (nV]O),
UV-Vis, lmax (nm), [3max (L mol�1 cm�1)] (CH3CN): 331 (3.8 �
103). Magnetic moment ¼ diamagnetic.

(m-O)2[V(O)(L
3)]2 (3). Yield: 219 mg (71%); anal. calc. for C22-

H28Cl2N4O6V2 (FW ¼ 617.26): C, 42.81; H, 4.57; N, 9.08%;
Found: C, 42.7; H, 4.4; N, 9.1%; FT-IR (KBr, cm�1): 1641 (nC]N),
929, 836 (nV]O). UV-Vis, lmax (nm), [3max (L mol�1 cm�1)]
(CH3CN): 382 (6.8 � 103). Magnetic moment ¼ diamagnetic.

(m-O)2[V(O)(L
4)]2$2H2O (4). Yield: 211 mg (69%); anal. calc. for

C24H38N4O8V2 (FW ¼ 612.46): C, 47.07; H, 6.25; N, 9.15%;
Found: C, 47.0; H, 6.1; N, 9.2%; FT-IR (KBr, cm�1): 3212 (nN–H),
1606 (nC]N), 930 (nV]O). 464 (nV–O), UV-Vis, lmax (nm), [3max (L
mol�1 cm�1)] (CH3CN): 352 (7.0 � 103). Magnetic moment ¼
diamagnetic.
2.2 Physical measurements

Elemental analyses (carbon, hydrogen and nitrogen) were per-
formed using a Perkin Elmer 240C elemental analyzer. IR
spectra in KBr (4500–500 cm�1) were recorded with a Perkin
4790 | RSC Adv., 2019, 9, 4789–4796
Elmer Spectrum Two spectrophotometer. Electronic spectrum
of complex 1 (in DMF) and that of complexes 2–4 (in CH3CN)
were recorded on a Shimadzu UV-1700 UV-Vis spectrophotom-
eter. The magnetic susceptibility measurements were per-
formed with an EG and PAR vibrating sample magnetometer,
model 155 at room temperature (300 K) in a 5000 G magnetic
eld, and diamagnetic corrections were performed using
Pascal's constants.
2.3 X-ray crystallography

For each complex, a suitable single crystal was picked and
mounted on a glass ber, and diffraction intensities were
measured with an Oxford Diffraction X-Calibur diffractometer,
equipped with Mo Ka radiation (l ¼ 0.71073 Å, 50 kV, 40 mA) at
temperature 150 K. Data collection and reduction were per-
formed with the Oxford Diffraction Crystalis system. Structures
of the complexes were solved by direct method and rened by
full-matrix least squares on F2, using the SHELX-2016/6
package.9 The absorption correction type is empirical with
ABSPACK program of Oxford Diffraction Ltd. Non-hydrogen
atoms were rened anisotropically. Hydrogen atoms attached
to nitrogen and oxygen atoms were located by difference Fourier
maps. All other hydrogen atoms were placed in their geomet-
rically idealized positions and constrained to ride on their
parent atoms. Programs used: SHELX-2016/6,9 PLATON,10

WINGX,11 ORTEP,12 and MERCURY.13 Signicant crystallo-
graphic data are summarized in Table 1. Selected bond lengths
and bond angles are gathered in Tables 2 and 3, respectively.
2.4 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. Therefore, the interaction ener-
gies were calculated using the frozen monomers as they are in
the dimers. For all calculations, the GAUSSIAN-09 program has
been used.14 The Grimme's dispersion correction15 has also
been used as implemented in GAUSSIAN-09 program since it is
adequate for the evaluation of non-covalent interactions where
dispersion effects are relevant like s-hole interactions. The
basis set superposition error for the calculation of interaction
energies has been corrected using the counterpoise method.16

The NCI plot17 isosurfaces have been used to characterize non-
covalent interactions. They correspond to both favorable and
unfavorable interactions, as differentiated by the sign of the
second density Hessian eigenvalue and dened by the isosur-
face color. The color scheme is a red-yellow-green-blue scale
with red for rcut

+ (repulsive) and blue for rcut
� (attractive).

Molecular Electrostatic Potential surfaces have been computed
at the M06-2X/6-31+G* level using the SPARTAN'10 program
version 1.1.0. The SAPT (symmetry adapted perturbation
theory)18 has been used to decompose the interaction energy
into well-dened components (electrostatic, exchange, induc-
tion, and dispersion terms). The DFT-SAPT calculations have
been performed using the PBE0/def2-TZVP level of theory and
the MOLPRO program.19
This journal is © The Royal Society of Chemistry 2019
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Table 1 Crystal data and refinement details of complexes 1–4

Complex 1 2 3 4

Formula C15H14BrN2O3V C13H18ClN2O3V C22H28Cl2N4O6V2 C24H38N4O8V2

Formula weight 401.12 336.68 617.26 612.46
Temperature (K) 150 150 150 150
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group Pc P21/n I2/a P21/n
a (Å) 12.7168(14) 14.1152(7) 22.194(2) 8.9266(4)
b (Å) 6.1962(5) 6.9353(3) 7.5879(7) 6.9648(3)
c (Å) 9.6410(11) 15.1466(7) 15.5112(12) 21.9606(12)
a (deg) 90 90 90 90
b (deg) 91.74(1) 106.842(5) 97.479(10) 96.547(4)
g (deg) 90 90 90 90
Z 2 4 4 2
dcalc (g cm�3) 1.754 1.576 1.583 1.500
m (mm�1) 3.297 0.895 0.973 0.743
F(000) 400 696 1264 640
Total reections 4316 9618 7844 8667
Unique reections 3000 4096 3726 3873
Observed data [I > 2s (I)] 2678 3498 3036 3256
No. of parameters 199 183 167 182
R(int) 0.053 0.030 0.030 0.035
R1, wR2 (all data) 0.0693, 0.1446 0.0464, 0.0947 0.0595, 0.1075 0.0604, 0.1072
R1, wR2 [I > 2s (I)] 0.0609, 0.1345 0.0377, 0.0911 0.0443, 0.1015 0.0476, 0.1091

Table 3 Selected bond angles (�) for complexes 1–4a

Complex 1 2 3 4

O(1)–V(1)–O(2) 110.4(4) 110.67(7) 106.99(7) 107.49(7)
O(1)–V(1)–O(11) 96.1(3) 102.95(6) 101.45(7) 97.02(7)
O(1)–V(1)–N(19) 137.4(4) 113.96(6) 97.03(7) 152.91(7)
O(1)–V(1)–N(22) 90.1(3) 93.96(6) 91.50(7) 92.46(7)
O(2)–V(1)–O(11) 102.8(4) 96.96(6) 99.22(7) 102.64(7)
O(2)–V(1)–N(19) 111.1(3) 134.29(6) 154.28(7) 98.56(7)
O(2)–V(1)–N(22) 96.0(4) 90.68(6) 92.65(7) 93.06(7)
O(11)–V(1)–N(19) 83.8(3) 82.50(5) 84.56(7) 84.16(6)
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3. Results and discussions
3.1 Synthesis

Four Schiff bases, HL1, HL2, HL3 and HL4, have been prepared
by the condensation of appropriate diamines and salicylalde-
hyde derivatives in CH3CN, following the literature methods.20

The ligands were not isolated and were reacted with VOSO4-
$5H2O (dissolved either in DMF or CH3CN) in open atmosphere
to synthesize two mononuclear vanadium(V) complexes, [VO2L

1]
(1) and [VO2L

2] (2) and two dinuclear vanadium(V) complexes,
(m-O)2[V(O)(L

3)]2 (3) and (m-O)2[V(O)(L
4)]2$2H2O (4), where L1, L2,

L3 and L4 are the deprotonated mono-anionic forms of the
respective Schiff bases. The effort to prepare these complexes
under N2 environment was unsuccessful. This is because all the
syntheses involves the oxidation of vanadium from +4 (in
starting material) to +5 (in complexes 1–4). The oxidation of
vanadium centers may therefore be caused by aerial oxygen.
Synthetic route to the complexes is outlined in Scheme 1.

3.2 Description of structures

3.2.1 [VO2L
1] (1) and [VO2L

2] (2). A perspective view of
complex 1 with the selective atom numbering scheme is shown
Table 2 Selected bond lengths (�A) for complexes 1–4a

Complex 1 2 3 4

V(1)–O(1) 1.628(7) 1.6228(13) 1.6159(14) 1.6812(15)
V(1)–O(2) 1.625(8) 1.6215(14) 1.6773(15) 1.6100(15)
V(1)–O(11) 1.903(8) 1.9160(13) 1.9150(15) 1.9033(16)
V(1)–N(19) 2.118(8) 2.1424(14) 2.1637(17) 2.1703(18)
V(1)–N(22) 2.159(9) 2.2021(14) 2.1554(18) 2.1300(18)
V(1)–O(2a) — — 2.3096(15) —
V(1)–O(1b) — — — 2.4008(15)

a Symmetry transformations: a ¼ 1 � x, 2 � y, �z, b ¼ �x, 1 � y, �z.

This journal is © The Royal Society of Chemistry 2019
in Fig. 1. Complex 2 has a very similar structure (Fig. S1, ESI†).
The vanadium(V) center is ve coordinated in each complex.
The basal plane in each complex is composed of one imine
nitrogen atom, N(19), one amine nitrogen atom, N(22), one
phenoxo oxygen atom, O(11), of a deprotonated Schiff base
ligand and an oxo group [O(1) for 1 and O(2) for 2]. The apical
positions are occupied by a second oxo group, i.e. O(2) for 1 and
O(1) for 2. The geometry of any penta-coordinated metal center
is generally measured by the Addison parameter (s) [s ¼ (a� b)/
60, where a and b are the two largest ligand–metal–ligand
angles in the coordination sphere (s ¼ 0 infers an ideal square
O(11)–V(1)–N(22) 156.7(3) 157.52(5) 158.96(6) 158.22(6)
N(19)–V(1)–N(22) 76.6(3) 77.09(5) 77.38(6) 78.58(6)
O(1)–V(1)–O(1b) — — — 77.94(6)
O(1b)–V(1)–O(2) — — — 170.29(7)
O(1b)–V(1)–O(11) — — — 84.36(6)
O(1b)–V(1)–N(19) — — — 75.24(5)
O(1b)–V(1)–N(22) — — — 78.49(6)
O(1)–V(1)–O(2a) — — 169.79(7) —
O(2)–V(1)–O(2a) — — 78.78(6) —
O(2a)–V(1)–O(11) — — 85.63(6) —
O(2a)–V(1)–N(19) — — 76.15(6) —
O(2a)–V(1)–N(22) — — 79.68(6) —

a Symmetry transformations: a ¼ 1 � x, 2 � y, �z, b ¼ �x, 1 � y, �z.

RSC Adv., 2019, 9, 4789–4796 | 4791
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Scheme 1 Synthetic route to complexes 1–4.

Fig. 1 Perspective view of complex 1 with selective atom numbering
scheme.

Fig. 2 Perspective view of complex 3 with selective atom numbering
scheme. Symmetry transformation: a ¼ 1 � x, 2 � y, �z.
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pyramid and s ¼ 1 infers a perfect trigonal bipyramid)].21 The s
value is found to be �0.3 in each complex, indicating a severely
distorted square pyramidal geometry around the vanadium(V)
centers.22 In 1, the coordinating atoms, N(19), N(22), O(11), and
O(1), deviate from the mean plane passing through them by
–0.171(4) Å, 0.170(4) Å, 0.172(4) Å, –0.171(4) Å with the metal
0.487(5) Å from the plane in the direction of terminal O(2). In 2,
the geometry is slightly more distorted. With O(1) chosen as the
axial atom, the deviations for N(19), N(22), O(11), O(2) are
0.2147(7) Å, –0.2086(7) Å, –0.2183(8) Å, 0.2131(8) Å with the
metal 0.4925(8) Å from the plane in the direction of O(1). The
V(1)–O(1) and V(1)–O(2) distances are �1.62 Å in both
complexes, as expected for typical V]O double bonds.23 The
bond distances and angles in both complexes are similar to
those observed in analogous vanadium(V) complexes with Schiff
bases.24 Saturated ve membered chelate ring, V(1)–N(19)–
C(20)–C(21)–N(22), assumes a half-chair conformation with
puckering parameters q ¼ 0.411(12) Å and 4 ¼ 282.1(11)� in
complex 1, and an envelope conformation with puckering
parameters q ¼ 0.4482(17) Å and 4 ¼ 104.78(17)� in complex 2.

3.2.2 (m-O)2[V(O)(L
3)]2 (3) and (m-O)2[V(O)(L

4)]2$2H2O (4).
Both complexes 3 (Fig. 2) and 4 (Fig. S2, ESI†) are double oxo-
bridged centrosymmetric dimers containing V2O2 cores. Vana-
dium(V) centers in them are six coordinate and distorted octa-
hedral. The crystallographic asymmetric unit in each complex
consists of one vanadium atom, V(1), two oxo groups, O(1) and
O(2), and one tridentate (deprotonated) Schiff base ligand
binding to the vanadium(V) center via imine nitrogen atom,
N(19), amine nitrogen atom, N(22), and the phenolate oxygen
atom, O(11). The asymmetric unit of complex 4 contains
a lattice water molecule. The equatorial plane is dened with
phenolic oxygen atom, O(11), imine nitrogen atom, N(19), and
an amine nitrogen atom, N(22), of the Schiff base ligand and
one oxo oxygen atom, O(2) for complex 3 and O(1) for complex 4,
respectively. Two axial positions are occupied by two oxo oxygen
4792 | RSC Adv., 2019, 9, 4789–4796
atoms; O(1), O(2a) [a¼ 1� x, 2� y,�z] (for complex 3) and O(1b)
[b¼�x, 1� y,�z], O(2) (for complex 4). In the V2O2 core of each
dimer, one vanadium(V)–oxygen distance is shorter [V(1)–O(2)¼
1.681(1) Å for complex 3, V(1)–O(1) ¼ 1.677(1) Å for complex 4]
This journal is © The Royal Society of Chemistry 2019
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compared to the other vanadium(V)–oxygen distance [V(1)–O(2a)
¼ 2.401(1) Å for complex 3, V(1)–O(1b) ¼ 2.310(1) Å for complex
4]. The short vanadium-oxygen distance corresponds to a V]O
double bond.25 The V–O and V–N bond lengths in the complexes
are comparable to the corresponding values observed in other
similar oxovanadium(V) complexes with Schiff bases.24a,26 The
chelating angles, N(19)–V(1)–N(22) and N(19)–V(1)–O(22) have
the values in the range 78–84�, indicating distortion of the
octahedron around vanadium(V) centers.27 The intramolecular
V/V separations are 3.107(5) Å (complex 3) and 3.206(5) Å
(complex 4), which fall within the range of known V/V
distances in double-bridged vanadium polynuclear systems.28

Depending on the orientation of V]O groups with respect to
the plane through two vanadium centers and two bridging oxo-
groups, the {V2O4}

2+ core can have ve different congurations
(syn and anti-orthogonal, syn- and anti-coplanar, twist) in
complexes constructed from two cis-VO2+(pervanadyl) units.29

Both these complexes may be termed as anti-coplanar, as the
two terminal V]O bonds in both complexes are oriented in an
anti arrangement with respect to the {V2O2} plane. The coordi-
nation environment may then be best described as two edge-
shared vanadium octahedra that are signicantly distorted.
The assignment of the +5 oxidation state for the vanadium
centers in both complexes is conrmed by the bond valence
sum calculations,30 which give 4.946 and 4.943 valence units for
vanadium centers in complexes 3 and 4, respectively.

3.3 Theoretical studies on supramolecular interactions in
complexes 1, 2 and 3

Four new Schiff base complexes of VO2
+ have been synthesized

and characterized by X-ray crystallography. Some of them
contain halogen atoms in the structure (Br or Cl), that partici-
pate in halogen bonding or hydrogen bonding interactions. The
theoretical study is devoted to analyze the energy associated to
the halogen bonding or hydrogen bonding interactions
involving the halogen atoms in complexes 1, 2 and 3.

In Fig. 3a, a partial view of the X-ray structure of 1 is pre-
sented, where an innite supramolecular chain is formed that is
governed by the formation of Br/p interactions and where the
p-system corresponds to a C]C bond of the aromatic ring. First
of all, the molecular electrostatic potential (MEP) surface in
complex 1 has been computed and it reveals an anisotropic
Fig. 3 (a) One dimensional supramolecular chain observed in the X-ray
around the Br atom. Hydrogen atoms have been omitted for clarity. (b) Th
of the dimer of complex 1. The gradient cut-off is s ¼ 0.35 a.u., and the

This journal is © The Royal Society of Chemistry 2019
distribution around the Br atom (it is represented only for the Br
atom in Fig. 3a, right). The MEP value at the s-hole of Br is
+8 kcal mol�1 and at the belt is �15 kcal mol�1. A dimer,
retrieved from the innite chain, has been computed and the
formation energy is moderately strong, DE1 ¼ �4.3 kcal mol�1.
The DFT-SAPT computed for this dimer shows that the inter-
action is dominated by induction and dispersion effects that
represent the 75% of the sum of the attractive terms followed by
the electrostatic term. The ‘non-covalent interaction plot’ (NCI
plot) index has also been computed in order to characterize the
Br/p interaction in the dimer of 1. The NCI plot is an intuitive
visualization index that enables the identication of non-
covalent interactions easily and efficiently. This plot is conve-
nient to analyze host–guest interactions since it clearly shows
which molecular regions interact. The colour scheme is a red-
yellow-green-blue scale with red (repulsive) and blue (attrac-
tive). Yellow and green surfaces correspond to weak repulsive
and weak attractive interactions, respectively. The representa-
tion of the NCI plot is shown in Fig. 3c. As noted, the halogen
bond is characterized by a green isosurface that covers the
aromatic C]C bond and thus conrming the existence of the
Br/p interaction.

A partial view of the X-ray structure of 2 is given in Fig. 4a,
where an innite one dimensional supramolecular chain is
represented. In this supramolecular assembly, the halogen
bonding is established between the Cl atom and one O atom of
the VO2

+ moiety, which is a better electron donor compared to
the p-system. The MEP surface of complex 2 also shows an
anisotropic distribution around the Cl atom; however, the MEP
value at the s-hole of Cl is very small, i.e. +2 kcal mol�1 and at
the belt is �17 kcal mol�1. A dimer, retrieved from the innite
chain, has been computed and the formation energy is similar
to that computed above for complex 1 (DE2 ¼ �4.6 kcal mol�1,
Fig. 4b), which is likely due to a compensating effect (worse s-
hole donor and better s-hole acceptor compared to complex 1).
The DFT-SAPT in this case shows that the interaction is domi-
nated by electrostatic effects that represent the 55% of the sum
of the attractive terms followed by the induction and dispersion
terms (45%). The NCI plot index has also been calculated in
order to characterize the halogen bonding interaction in the
dimer of 2 (Fig. 4c). The halogen bond is characterized by
a small green isosurface that is located between the Cl and O
solid state structure of 1 and the MEP surface (isodensity ¼ 0.001 a.u.)
eoretical model used to evaluate the interaction energy. (c) NCI surface
colour scale is �0.04 < r < 0.04 a.u.

RSC Adv., 2019, 9, 4789–4796 | 4793
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Fig. 5 Partial view of the X-ray solid state structure of 3 (a) and the theoretical model (b). Distances in Å.

Fig. 4 (a) One dimensional supramolecular chain observed in the X-ray solid state structure of 2 and the MEP surface (isodensity ¼ 0.001 a.u.)
around the Cl atom. Hydrogen atoms have been omitted for clarity. (b) Dimer retrieved from the crystal structure of complex 2. Distances in Å. (c)
NCI surface of the dimer of complex 2. The gradient cut-off is s ¼ 0.35 a.u., and the color scale is �0.04 < r < 0.04 a.u.
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atoms. Moreover, an additional green isosurface is located
between the aliphatic hydrogen atoms of one methyl group and
the negative belt at the Cl atoms, thus also contributing to the
stabilization of the dimer and also explaining the larger binding
energy obtained for 2 compared to 1.

Complex 3 also has a chlorine atom as substituent; however,
it does not participate in halogen bonding interactions. Instead,
it establishes several C–H/Cl interactions. In fact, its solid
state structure (Fig. 5a) shows that each dinuclear complex
establishes four sets of C–H/Cl interactions: two as donor and
two as acceptors, generating a two dimensional sheet. The
interaction energy of the hydrogen bonded dimer is modest,
DE3 ¼ �3.7 kcal mol�1 and smaller than the halogen bonding
computed for 1 and 2, thus suggesting that the halogen bond is
favoured in these vanadium systems. The DFT-SAPT computed
for this interaction shows that it is dominated by electrostatic
effects that represent the 75% of the sum of the attractive terms.
3.4 IR, electronic spectra and magnetic moments

Strong and sharp bands due to azomethine (C]N) groups in
the range 1600–1640 cm�1 have been customarily noticed in the
IR spectra of these complexes.31 Strong bands around 930 cm�1

and 825 cm�1 in all complexes may be assigned to asymmetric
and symmetric n(O]V]O) vibrations of cis-VO2 groups present.32

The n(V–O) bands can be monitored around 460 cm�1 for all
complexes.33 These values are in good agreement with similar
4794 | RSC Adv., 2019, 9, 4789–4796
vanadium(V) Schiff base complexes. Sharp bands around
3310 cm�1 may be assigned to n(N–H) stretching vibrations in
complexes 3 and 4.34 Bands in the range of 2998–2806 cm�1 due
to alkyl C–H bond stretching vibrations are customarily noticed
in the IR spectra of all the complexes.35

Electronic spectrum of each complex shows an absorption
band around 350 nm. This band may be assigned as a ligand-to-
metal charge transfer (LMCT) transition, originating from the
pp orbital on the phenolate oxygen to the empty d orbitals of the
vanadium(V).36 As all these vanadium(V) complexes has a 3d0

conguration, d–d bands are not expected to appear in their
electronic spectra.37

All these complexes are diamagnetic as expected for mono-
nuclear and dinuclear vanadium(V) complexes with d0 cong-
uration, as also observed for other similar vanadium(V)
complexes.38

4. Conclusion

Four new VO2
+ complexes with Schiff base ligands have been

prepared and structurally characterized. Supramolecular inter-
actions were investigated in details. An innite one dimen-
sional supramolecular chain is formed in complex 1, governed
by the formation of Br/p interactions (where the p-system
corresponds to a C]C bond of the aromatic ring). A dimer,
retrieved from the innite chain, has been computed and the
formation energy is moderately strong, DE1 ¼ �4.3 kcal mol�1.
This journal is © The Royal Society of Chemistry 2019
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In the supramolecular assembly of complex 2, the halogen
bonding is established between the Cl atom and one O atom of
the VO2

+ moiety, which is a better electron donor compared to
the p-system. A dimer, retrieved from the innite chain, has
been computed and the formation energy is similar to that
computed for complex 1 (DE2¼�4.6 kcal mol�1), which is likely
due to a compensating effect (worse s-hole donor and better s-
hole acceptor compared to complex 1). Complex 3 has a chlo-
rine atom in the ligand part; however, it does not participate in
halogen bonding interactions. Instead, it establishes several C–
H/Cl interactions. In fact, its solid state structure shows that
each dinuclear complex establishes four sets of C–H/Cl
interactions: two as donor and two as acceptors, generating
a two dimensional sheet. The interaction energy of the
hydrogen bonded dimer is modest, DE3 ¼ �3.7 kcal mol�1 and
smaller than the halogen bonding computed for 1 and 2, thus
suggesting that the halogen bond is favoured in these vanadium
systems. All these results were further corroborated with the
molecular electrostatic potential (MEP) surface calculation and
NCI plot index computational tool.
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17 J. Contreras-Garćıa, E. R. Johnson, S. Keinan, R. Chaudret,

J.-P. Piquemal, D. N. Beratan and W. Yang, J. Chem. Theory
Comput., 2011, 7, 625–632.

18 B. Jeziorski, R. Moszynski and K. Szalewicz, Chem. Rev., 1994,
94, 1887–1930.

19 MOLPRO, A package of ab initio programs, version 2010.1;
Molpro, Cardiff, U.K., 2010.

20 (a) L. Sacconi and I. Bertini, Inorg. Chem., 1966, 5, 1520–
1522; (b) M. S. Shongwe, U. A. Al-Zaabi, F. Al-Mjeni,
C. S. Eribal, E. Sinn, I. A. Al-Omari, H. H. Hamdeh,
D. Matoga, H. Adams, M. J. Morris, A. L. Rheingold, E. Bill
and D. J. Sellmyer, Inorg. Chem., 2012, 51, 8241–8253; (c)
Y.-Q. Cui, Z.-L. You, X.-F. Li, X.-L. Wang, Y.-P. Ma, C. Wang
and C.-L. Zhang, Transition Met. Chem., 2010, 35, 159–163.

21 A. W. Addison, T. N. Rao, J. Reedijk, J. V. Rijn and
G. C. Verschoor, J. Chem. Soc., Dalton Trans., 1984, 1349.

22 C. R. Cornman, K. M. Geiser-Bush, S. P. Rowley and
P. D. Boyle, Inorg. Chem., 1997, 36, 6401–6408.

23 G. Asgedom, A. Sreedhara, J. Kivikoski, E. Kolehmainen and
C. P. Rao, J. Chem. Soc., Dalton Trans., 1996, 93–97.

24 (a) L. M. Mokry and C. J. Carrano, Inorg. Chem., 1993, 32,
6119–6121; (b) E. Kwiatkowski, G. Romanowski,
W. Nowicki, M. Kwiatkowski and K. Suwińska, Polyhedron,
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