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Abstract
A vanadium(IV) Schiff base complex derived from salicylaldehyde and L-alanine with phenanthroline as
co-ligand viz. [VIVO(salala)(phen)].0.5H2O.CH3OH (where salala = Schiff base derived from
salicylaldehyde and L-alanine, phen = 1,10-phenanthroline) was synthesized and its structure determined
by single crystal X-ray diffraction. The crystal lattice parameters of the complex was determined by single
crystal X-ray diffraction with lattice parameters, a = 18.4361(5) Å, b = 22.4926(6) Å, c = 12.4035(6) Å, β = 
126.904(1) °, C2 space group, Z = 2. In the crystal, the V(IV) ions are in distorted octahedral geometry by
coordinating to two oxygen atoms and one nitrogen atom of Schiff base ligand and two phenanthroline
nitrogen atoms. The π∙∙∙π stacking interactions as well as C–H∙∙∙O hydrogen bonds were found to play
an important role in the self-assembly of the complex molecules. The non-covalent interactions of the
complex were further evaluated by Hirsh�eld Surface Analysis. Spectroscopic characterization of the
complex by Infrared and UV-visible spectroscopic techniques is also reported.

Introduction
The metal complexes involving Schiff base ligands are the most fundamental chelating systems in
coordination chemistry.1 In the past few decades, signi�cant progress has been made in the chemistry of
transition metal complexes with Schiff base ligands formed from salicylaldehyde or its analogues and
amino acids.2 The crystal structures of complexes involving the Schiff base derived from salicylaldehyde
and amino acids revealed that the Schiff base ligands mainly act as tridentate ligands, coordinating
through the phenolato oxygen, imine nitrogen and carboxylate oxygen.3–5

Supramolecular architectures with coordination bonds, hydrogen bonds and π–π stacking interactions
have received much attention for its prospective applications in the �elds of host–guest chemistry,
biochemistry, electronics, magnetism, optics, gas absorbent, catalysis and molecular recognition.6–9

These interactions are becoming increasingly important in supramolecular chemistry and crystal
engineering. 10 A large numbers of one-, two- and three-dimensional metal–organic supramolecules
formed via self-assembly were prepared by the careful selection of the building blocks and organic
ligands with appropriate functional groups for supramolecular interactions.11

In this work we report the crystal structure of an amino acid derived oxovanadium(IV) Schiff base
complex with phenanthroline as co-ligand viz. [VIVO(salala)(phen)].0.5H2O.CH3OH (1). The synthesis and

crystal structure of [VIVO(salala)(phen)].0.5H2O was previously reported by Cao et al where the authors

used DL-alanine to prepare the Schiff base complex.12 When L-alanine was used instead of DL-alanine in
the synthesis described by Cao et al the title complex was obtained. The complex crystallizes in C2 space
group with the asymmetric unit containing two crystallographically unique vanadium(IV) centers along
with half water molecule of crystallization and methanol. Complex 1 was further characterized by FT-IR
and UV-vis spectroscopic techniques. The complex molecules self-assemble into 2D supramolecular



Page 3/20

architecture via π∙∙∙π stacking and hydrogen bonding interactions. The supramolecular interactions of
the complex were evaluated by Hirshfeld surface analysis.

Synthesis and Characterization

Materials and Methods
All reagents, viz. vanadyl sulphate hydrate, salicylaldehyde, L-alanine, 1,10-phenanthroline and methanol
used in this work were purchased from Sigma Aldrich and Merk (India) Ltd. and used as received.
Deionized water and methanol were used as the reaction medium. Elemental analyses (C, H, and N) were
carried out on a Perkin Elmer 2400 Series II CHNS/O Analyzer. A FT-IR spectrum was recorded in a
Shimadzu FTIR-8400S spectrophotometer in KBr (4000 − 400 cm− 1). A diffuse re�ectance UV-vis-NIR
spectrum was obtained using a Shimadzu UV-2600 spectrophotometer with BaSO4 powder as the
reference (100% re�ectance).

X-ray Structure Structure Determination Procedures

X-ray diffraction data were collected on Bruker SMART APEX II CCD equipped with a graphite
monochromator and a MoKα �ne-focus sealed tube (λ = 0.71073 Å) at 296 K. Data integration was made
using SAINT.13 The structure was solved by a direct method in the monoclinic space group C2 with
SHELXS and re�ned by full-matrix least squares techniques with SHELXL-2018/314 via WinGX.15 All the
non-hydrogen atoms were re�ned in the anisotropic approximation against F2 of all re�ections. The
hydrogen atoms were re�ned isotropically, except those attached to oxygen atoms of water molecule and
the methyl group of methanol that were located in the difference Fourier maps and re�ned with isotropic
displacement coe�cients. The �nal structure has been deposited with the Cambridge Crystallographic
Data Centre (CCCDC) under deposition number 2217555. These data can be obtained free of charge
under https://www.ccdc.cam.ac.uk/structures/.

Results and Discussion

Synthesis
The title complex was obtained by a procedure similar to that reported by Cao et al with a slight
modi�cation where L-alanine was used instead of DL-alanine in the synthesis.12 Salicylaldehyde (2
mmol, 0.24 ml) was dissolved in methanol (10 ml) and added slowly to an aqueous solution of L-alanine
(2 mmol, 0. 179 g). The resulting mixture was stirred for 1 h to obtain a yellow color solution. To this
mixture was added vanadyl sulfate hydrate (2 mmol, 0.326 g) followed by methanol solution of 1,10-
phenanthroline monohydrate (2 mmol, 0.366 g) and stirred for 4 h to obtain a reddish brown solution.
This solution was kept at room temperature for one day, whereupon reddish block shaped crystals
suitable for single crystal X-ray diffraction were obtained.
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Yield, 81.3% (2.96 g). Anal. calc. for C90H72N12O19V4 (Mr: 1829.36): C, 59.03; H, 3.93; N, 9.18. Found: C,

59.56; H, 4.19; N, 8.72%. FT-IR spectral data (KBr, cm− 1): 3398(br), 1612(s), 1529(w), 1438(w sh), 1341(m),
1134(w), 1139(w, sh), 951(s), 846 (s), 804 (m), 727 (s), 608 (w), 538 (w).

Crystal Structure
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Table 1
Crystallographic data and structure re�nement for 1

Parameters VO(salala)(phen)].0.5H2O.CH3OH (1)

Formula C88H66N12O17V4

Formula weight 1767.28

Temperature (K) 296(2)

Wavelength (Å) 0.71073

Crystal system Monoclinic

Space group C2

a/Å 18.4361(5)

b/Å 22.4926(6)

c/Å 12.4035(6)

αº 90

βº 126.9040(10)

γº 90

Volume (Å3) 4112.9(3)

Z 2

Calculated density (Mgm− 3) 1.427

F (000) 1812

Crystal size (mm) 0.15 x 0.14 x 0.12

Theta range for data collection (º) 2.053 to 29.613

Limiting indices, h,k,l -25 ≤ h ≤ 25, -31 ≤ k ≤ 30, -17 ≤ l ≤ 16

Re�ections collected 60755

Unique data (Rint) 11370 [R(int) = 0.1542]

Re�nement method Full-matrix least-squares on F2

Data/restraints/ parameters 11370 / 1 / 546

R and R w values are for all unique data; R = Σ| |Fo| – |Fc| | / Σ|Fo|; Rw = {Σ[w(Fo
2–Fc

2)2] / Σ [w(Fo
2)2] }1/2

where w = 1 / [σ2( Fo
2) + (aP)2 + bP ] with P = [2Fc

2 + Max( Fo
2,0)] / 3.
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Parameters VO(salala)(phen)].0.5H2O.CH3OH (1)

Goodness-of-�t on F2 0.952

Final R indices [I > 2σ (I)] R1 = 0.0524, wR2 = 0.1448

R indices (all data) R1 = 0.1187, wR2 = 0.1645

Largest diff. peak and hole (e.Å−3) 1.045 and − 0.315

R and R w values are for all unique data; R = Σ| |Fo| – |Fc| | / Σ|Fo|; Rw = {Σ[w(Fo
2–Fc

2)2] / Σ [w(Fo
2)2] }1/2

where w = 1 / [σ2( Fo
2) + (aP)2 + bP ] with P = [2Fc

2 + Max( Fo
2,0)] / 3.

Details of single crystal XRD and the structure re�nement are given in Table 1. The asymmetric unit of
complex 1 consists of two crystallographically independent oxovanadium(IV) complexes with one
methanol and a half water molecule of crystallization (Fig. 1). The bond lengths and bond angles for the
two VO(II) complex units are listed in Table 2. The comparison of main bond lengths and angles shows a
close similarity between the two crystallographically independent V(IV) centers. As can be seen from the
bond parameters listed in Table 2, both vanadium centers have a distorted octahedral geometry. The V = 
O bond distances for V1 and V2 units are in the range from 1.593(8) Å to 1.603(8) Å which is in
agreement with those reported in the literature.16–18 The V–N bond distances range from 2.052(9) Å to
2.343(9) Å for the V1 unit and from 2.038(8) Å to 2.375(9) Å for the V2 unit. It is observed that the V–
Nimine is shorter than the V–Nphen in the V1 and V2 centers which implies that the alanine derived Schiff
base has stronger chelating ability than phenanthroline ligand.
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Table 2
Selected bond lengths (Å) and angles (deg.) in

coordination metal core in 1
Bond d, Å Angle Degree(°)

1      

V1‒O1 1.603(8) O2‒V1‒O3 158.2

V1‒O2 1.937(8) N2‒V1‒N3 160.9

V1‒O3 2.011(9) O1‒V1‒N1 168.1

V1‒N1 2.343(9) N1‒V1‒N3 88.2

V1‒N2 2.132(9) O1‒V1‒N2 96.2

V1‒N3 2.052(9) O1‒V1‒N3 102.5

    N1‒V1‒N2 72.7

    O3‒V1‒N2 94.7

    O1‒V1‒O3 98.4

V2‒O4 1.593(8) O5‒V2‒O7 158.9

V2‒O5 1.997(9) N5‒V2‒N6 159.4

V2‒O7 1.957(9) O4‒V2‒N4 166.8

V2‒N4 2.375(9) O5‒V2‒N6 80.2

V2‒N5 2.161(9) O7‒V2‒N5 91.5

V2‒N6 2.038(8) N6‒V2‒O7 88.6

    O5‒V2‒N5 92.7

    O4‒V2‒N5 94.5

    O4‒V2‒O5 99.8

As shown in Fig. 2, crystal packing of 1 reveals the formation of π∙∙∙π stacking along with C-H∙∙∙O
hydrogen bonding interactions in the direction of crystallographic bc plane leading to the formation of a
supramolecular 2D assembly. Two types of π∙∙∙π interactions were observed in the crystal structure of 1
involving the crystallographically unique VO2+ centers. In one type of π∙∙∙π interactions that occurs
between aromatic ring of salicylaldehyde of V2 center and phenanthroline ring of V1 center [denoted as
(π∙∙∙π)1] with centroid-centroid separation of 3.813 Å. The second type of π∙∙∙π interactions occurs
between the aromatic rings of phenanthroline ligands of V1 and V2 centers [denoted as (π∙∙∙π)2] with
centroid-centroid distance of 3.615 Å. The uncoordinated oxygen atom (O6) of the carboxylate group of
Schiff base ligand participates in intermolecular C-H∙∙∙O hydrogen bonding interaction with the carbon
atom (C7) of the phenanthroline ligand with a C-H∙∙∙O bond distance of 2.794 Å.
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In order to investigate the role of lattice water and methanol molecules in the stabilization of the crystal
packing of the title complex, we have observed that they are involved in O-H⋯O, and C-H⋯O hydrogen
bonding interactions Fig. 3. A detail structural analysis reveals that the oxygen atom of lattice water
molecule (O8) is involved in strong O-H⋯O hydrogen bonding interactions with the oxygen atoms O9 and
O10 of the methanol and Schiff base ligand respectively. The methanol oxygen atom (O10) is involved in
O-H⋯O and C-H⋯O hydrogen bonding interactions.

Table 3
Hydrogen bond distances (Å) and angles (deg.) for 1

D–H∙∙∙A d(D–H) d(D∙∙∙A) d(H∙∙∙A) < (DHA) Symmetry Code

C7‒H7∙∙∙O6 0.930 (12) 3.580 (13) 2.794 (8) 142.9 -x + 1/2,+y-1/2,-z + 1

C43‒H43B∙∙∙O1 0.960 (1) 3.853 (13) 2.945 (7) 158.0 -x + 1,+y,-z + 2

C43‒H33∙∙∙O9 0.930(13) 3.494(16) 2.633(10) 154.1 x-1/2, + y + 1/2,+z

C43‒H34∙∙∙O10 0.930(11) 3.504(4) 2.653(4) 152.4 x-1/2, + y + 1/2,+z + 1

O8‒H8A∙∙∙O9 0.868(5) 2.679(11) 2.430(11) 97.1 -x + 1,+y,-z + 1

O8‒H8A∙∙∙O10 0.868(5) 2.650(3) 2.512(3) 89.47 x,y,z

Hirshfeld Surface Analysis
A Hirshfeld surface (HS) analysis was carried out using Crystal Explorer 2119 to visualize the
intermolecular interactions. In the HS plot the normalized contact (dnorm) is measured by using de (the
distance from the point to the nearest nucleus external to the surface), di (the distance to the nearest
nucleus internal to the surface) and the van der Waals (vdW) radii of the atoms involved in the
intermolecular contacts (Fig. 4). The graphical plots of HS with red and blue colors denote contacts with
distances shorter (in close contact) or longer (in distinct contact), respectively, than the van der Waals
radii, while the white surfaces denote contacts with distances equal to the sum of van der Waals radii.20

The 2D �ngerprints were plotted using the translated 1.0–2.8 Å range, including reciprocal contacts.

As described, the crystal packing of 1 is stabilized by π∙∙∙π stacking and hydrogen bonding interactions.
In order to identify the π∙∙∙π stacking interactions the HS were mapped with shaped index and
curvedness properties as shown in [Fig. 5(a) and 5(b)]. The presence of adjacent red and blue triangles
allows the HS mapped over the shape-index demonstrate the presence of π∙∙∙π stacking interactions
[Fig. 5(a)]. Figure 6(a) shows the overall two dimensional �ngerprint plot. Figure 6b–i show the relative
contributions to the Hirshfeld surface of the contacts described into H∙∙∙H, C∙∙∙C, H∙∙∙C/C∙∙∙H,
H∙∙∙O/O∙∙∙H, N∙∙∙H/H∙∙∙N, C∙∙∙O/O∙∙∙C, C∙∙∙N/N∙∙∙C and O∙∙∙O contacts.21 With a contribution of
37.7%, the most signi�cant interaction is H∙∙∙H, which is depicted in Fig. 6(b) and can be visualized as a
pair of spikes with the tips at de + di = 2.6 Å. The H∙∙∙C/C∙∙∙H contacts involved in intermolecular C-
H∙∙∙O hydrogen bonds with 18.2% contribution [Fig. 6(d)] have the tips at de + di = 2.04 Å. The
H∙∙∙O/O∙∙∙H contacts involved in O-H∙∙∙O hydrogen bonds [Fig. 6(e)], which account for 28.3% of the
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total, result from the H∙∙∙O/O∙∙∙H contacts and are shown as a pair of spikes with the tips located at de +

di = 2.32 Å. The C∙∙∙C contacts involved in π∙∙∙π stacking interactions21 with a contribution of 11.1% HS
area [Fig. 6(c)] are emerged with an arrow-shaped distribution of points at de = di = 1.60 Å. The
N∙∙∙H/H∙∙∙N contribution of 2.3% to HSs have scattered points of very low densities with tips located at
de+di = 2.42 Å. Finally, the contributions of the C∙∙∙O/O∙∙∙C (1%, Table 2 and Fig. 6g), N∙∙∙C/N∙∙∙C(0.6%
Fig. 6h) and O∙∙∙O (0.2%, Fig. 6i) contacts to the HSs have scattered points of very low densities, less
than 1.5%, with the tips located at de + di = 2.82 Å, 3.52 Å and 2.72 Å, respectively.

Spectral Studies

Infrared Spectroscopy
The functional groups involved in the title complex were observed from the FT-IR spectrum. The FT-IR
spectrum of the complex showed a strong stretching band at 1612 cm− 1, which was attributed to the ν(C 
= N) imine group. The characteristic strong stretching frequency at 3398 cm− 1 is due to ν(O − H) vibration
of lattice water molecule or methanol. The stretching band at 951 cm− 1 is characteristic of ν(V = O), in
agreement with related studies.22–23 Beside this feature, band at 538 cm− 1 for the complex is due to the
V–O(phenoxyl) stretch.16 The [νas(OCO)] stretching vibration of carboxylate group observed at 1612 cm− 1 is

merged with imine vibrations while [νs(OCO)] vibrations appears at 1341 cm− 1 as a medium intensity
peak. The difference in asymmetric and symmetric vibration of carboxylate group are greater than
200cm− 1 [Δν = νas(OCO)- νs(OCO) = 271 cm− 1] suggests monodentate coordination of carboxylate group

of amino acid derived Schiff base which is agreement with the crystal structure result.24 A medium
intensity peak at 608 cm− 1 is attributed to δ(COO) vibration. The peaks at 1529 and 1438 cm− 1 are
assigned to ring stretching vibrations of pyridine rings of phenanthroline co-ligand. The sharp absorption
peak observed at 727 cm− 1 is attributed to ring breathing vibration of phenanthroline ring.

UV − Visible Spectroscopy
The UV − vis absorption spectrum of the complex is presented in Fig. 8. The UV − vis spectrum of the
complex was recorded in the wavelength range (200 − 800 nm) using a 0.1 mM sample solution of DMF.
In solution, the V(IV) complex exhibited absorption bands at 323 and 383 nm, which are assigned to be π
→ π* and n → π* transitions, respectively. Moreover, the broad band observed at 482 nm is assigned to
the ligand to metal charge transfer (LMCT).25 In the electronic spectrum, d − d transition is not observed
which may be attributed to the dominance of the ligand to metal charge transfer (LMCT). The band
assignments are presented in Table 5.

Solid state UV–vis re�ective spectrum for 1 is shown in Fig. 8(b). The bands at 409 and 483 nm for 1 are
assigned to π → π* and the charge–transfer transitions from ligand to vanadium (IV) ions respectively.
The weak absorptions can be observed at 738 nm which is attributed to d-d transitions.26
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Table 4
The UV-vis absorption peaks of 1 in DMF solution and their molar

absorption coe�cients
Complex λmax (nm) ε ( Lmol− 1cm− 1)

VO(salala)(phen)].0.5H2O.CH3OH (1) 323 (sh) 3.16 x 10− 5

  383 3.04 x 10− 5

  482 3.03 x 10− 6

Conclusions
A novel oxovanadium(IV) Schiff base complex derived from L-alanine and salicylaldehyde with 1,10-
phenanthroline as co-ligand have been synthesized and characterized by single crystal X-ray diffraction,
UV-vis and FT-IR spectroscopies. The two crystallographically unique vanadium centers of 1 are
connected into a 2D supramolecular network structure via π⋯π stacking, C-H⋯O and O-H⋯O hydrogen
bonding interactions. Furthermore, all the supramolecular interactions were identi�ed using Hirshfeld
surface analysis.
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Figure 1

Molecular structure of complex 1 (Hydrogen atoms are omitted for clarity)
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Figure 2

Supramolecular 2D assembly along the bc plane
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Figure 3

O-H⋯O and C-H⋯O hydrogen bonding interactions involving the lattice methanol and water
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Figure 4

View of the Hirshfeld surfaces of 1 mapped over dnorm properties
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Figure 5

Hirshfeld surfaces of 1 mapped over (a) shape index and (b) curvedness properties
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Figure 6

The full two-dimensional �ngerprint plots for the title complex, showing (a) all interactions, and
delineated into (b) H∙∙∙H, (c) C∙∙∙C, (d) H∙∙∙C/C∙∙∙H, (e) H∙∙∙O/O∙∙∙H interactions, (f) N∙∙∙H/H∙∙∙N, (g)
C∙∙∙O/O∙∙∙C, (h) N∙∙∙C/C∙∙∙N and (i) O∙∙∙O. The di and de values are the closest internal and external
distances (in Å) from given points on the Hirshfeld surface contacts.
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Figure 7

KBr phase FT-IR spectrum of 1
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Figure 8

UV-vis spectra of 1 in (a) DMF (10-4 M) and (b) solid state
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