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Abstract

A series of Co*", Ni**, Cu?" and Zn*" coordination compounds of 4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)phenol (BzIm), as new
photo stabilizer for vinyl polymers, [Co(BzIm)(Cl).] (1), [Ni(BzIm)(Cl):] (2), [Cu(BzIm)(Cl).] (3) and [Zn(BzIm)(Cl).] (4) have been
synthesized, characterized using microanalysis, fourier transform infrared spectroscopy (FTIR), proton nuclear magnetic resonance (‘H NMR),
ultraviolet—visible (UV-Vis) spectrophotometry, mass, electron paramagnetic resonance (EPR)TG, magnetic, thermogravimetry differential
thermal analysis (TG/DTA) and conductivity. These studies showed that the complexes were formed in which the ligand 4-(((1H-
benzo[d]imidazol-2-yl)methyl)amino) phenol coordinated to the metal ion through benzimidazole nitrogen and the amino group of
methylaminophenol. A PVC film containing the novel complexes was synthesized and used as a photo stabilizer for PVC. The results reveal
the higher stabilizing potency of some of the substituted benzimidazole metal complexes compared to commercially known reference stabilizers.
Based on weight loss as a criterion for photo-stabilizing efficiency the best stabilizing efficiency of the investigated complexes was given by
the [Zn(BzIm)Cl:] (4), as after 8h. irradiation, its weight loss is only 2.6 % that of the blank and 3 % that of the the reference stabilizer (Tinuvin
P). Additionally, the data of discoloration level of photo-degraded rigid PVC films in presence of the examined complexes stabilizers after 8h
of irradiation time is light yellow in case of [Zn(BzIm)ClL] (4), which is the palest colour relative to other investigated compounds. The photo
stabilization efficiency results, based on different parameters including percent weight loss, percent gelation %, stabilizing efficiency were
found to be in the following order: [Zn(BzIm)Clz] (4) > Tinuvin P (TP) > [Ni(BzIm)CL] (2) > [Cu(BzIm)Cly] (3) > [Co(BzIm)ClL] (1). The
stabilizing efficiency of these derivatives is attributed to their radical trapping potency which intervenes with the radical degradation process of
PVC. The experimental data were more insighted using theoretical calculation using at DFT/B3LYP level of theory, which indicated that Zn(II)
Complex (4) had the lowest HOMO-LUMO energy gap (1.162 eV) among the complexes under investigation, whereas Co(II) Complex (1)
displayed the biggest energy gap (1.307 eV).
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1. Introduction

One of the most extensively utilized polymers in the world is polyvinyl chloride (PVC), due to its cost-effectiveness, great
intrinsic qualities, and adaptability[1, 2]. In polymer chemistry photo-oxidation (sometimes: oxidative photodegradation) is the
degradation of a polymer surface due to the combined action of light and oxygen. It is the most significant factor in the
weathering of plastics. Photo-oxidative degradation is a result of light-induced reactions in polymers that lead to color changes,
chalking, cracking, and a reduction in mechanical qualities like elongation, tensile strength, and impact strength, etc. [3, 4].
Additives can retard the photo-degradation of polymers in two primary ways: UV Absorption and Scavenging: Some additives,
like UV stabilizers, absorb harmful ultraviolet (UV) radiation, preventing it from penetrating the polymer and initiating
degradation processes. By converting UV energy into harmless heat or by scavenging free radicals generated by UV exposure,
these additives help maintain the integrity of the polymer [5]. The following stabilizing systems have been developed, which
depend on the action of stabilizer: (1) light screeners, (2) UV absorbers, (3) excited-state quenchers, (4) peroxide decomposers,
and (5) radical scavengers. Certain additives, such as antioxidants or fillers, can form a protective barrier that reduces the
polymer's exposure to oxygen and light. This barrier can slow down the oxidative reactions that lead to degradation, thereby
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extending the material's lifespan in outdoor applications [5]. Together, these mechanisms help enhance the durability and
longevity of polymer materials under light exposure.

Imidazole and benzimidazole, along with their derivatives, hold significance in various fields such as coordination chemistry,
photophysics, photochemistry, and bioinorganic chemistry. These compounds exhibit diverse properties and applications due
to their unique structures and reactivities. In coordination chemistry, they often serve as ligands that can coordinate with metal
ions to form coordination complexes with specific properties and applications. In photophysics and photochemistry, these
compounds are of interest due to their light-absorbing and emitting properties, which can be utilized in various applications
such as sensors, light-emitting diodes, and photodynamic therapy. In bioinorganic chemistry, imidazole and benzimidazole
derivatives are important due to their interactions with metal ions in biological systems, which play crucial roles in processes
such as enzyme catalysis and metal ion transport.[6, 7].

Many metal benzimidazole complexes including Cr, Mn, Fe, Co, Ni, Zn, Pd, Pt, Au, and Re have been reported [8-11]. Ryokichi
et al., [12] reported square planar to the octahedral transformation of (bzim), nickel(II) nitrate 2.5EtOH. The thermal behavior
of coordination compounds of bzim with Co(NOs),, Ni(NOs),, and Cu(NOs), were studied by Curini ef al. [13]. Dulova and
Petrash studied the electrical conductance and spectral behavior of complexes of benzimidazole with Co(II) and Ni(Il) nitrates,
and stability constants were calculated for 1:1 and 2:1 metal complexes [14]. Synthesis and the characterization of benzimidazole
complexes of Co(Il), Ni(II), and Cu(II) were investigated [15], and the complexes of formula ML,X, nH,O (M= Co, Ni, Cu;
X=CI', SO4>, OAc’) were proposed to have of tetrahedral configuration.

The stability constants of coordination compounds involving cobalt (Co), nickel (Ni), manganese (Mn), and cadmium (Cd) with
benzimidazole (bzim) can be determined through potentiometric and spectral methods [16, 17]. UV spectra of benzimidazole,
and its derivatives, during protonation and complexation with chlorides of Co(II), Cu(Il), and Sn(II) were reported [18]. In
CoCl, and CuCl, complexes, an o-dative interaction occurs due to a partial delocalization of metal’s d-electrons to antibonding
m-orbitals of ligand. The present study aims to synthesize and investigate a new benzimidazole-containing compound (Figure
1), and its complexes that may be used as photo-stabilizers for rigid PVC.

Ny

Figure 1. Structure of 4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)phenol (BzIm).

2. Experimental

2.1 Synthesis of benzimidazole ligand (BzIm)

2-Chloromethyl benzimidazole and p-aminophenol were condensed in equimolar amount in ethanol with small amount of
sodium iodide under stirring for 24h (TLC monitoring). The reaction was cooled, neutralized, filtered, and collected to re-
crystallize from ethanol [11, 18, 19].

BzIm (C14H,3N;0), Color: brown. MS: M+ = 236 (calcd.239). FT-IR (KBr, cm™): 3432 v(NH)sec, 1504 v(C=N), 1063 v(N-N),
2887 v(C-H)ar, 1339 v(C-N). '"H-NMR (DMSO): 13.00 (1H, s, benzimidazole NH); 7.70, 7.54, 7.30 and 7.25 (4H, m,
benzimidazole ring (Bz)); 7.39, 7.36, 6.88 and 6.85 (4H, dd, aniline ring (An), 5.00 (1H, t, NHs..), and 4.33 (2H, d, CH,). UV-
Vis (ethanol): 204, 226, 275, 281 and 358 nm. Analysis of the ligand don’t show OH phenol signal at room temperature due to
intermolecular exchange of the —OH protons with protons of the protic solvents or with protons of the residual H>O in aprotic
solvents [20].

2.2 Synthesis of benzimidazole ligand (BzIm) complexes

Hot ethanolic solution of 4-(((1H-benzo[d]imidazol-2-yl)methyl)amino)phenol, (1 mmol, 239 mg, 20 mL) was added to 1 mmol
ethanolic solution of CoCl,.6H,0 (237.93 mg), NiCL.6H,O (237.71 mg), CuCl,.2H,0 (170.48 mg) or ZnCl,.4H,0 (208.34 mg)
under stirring for 1-2h to get a precipitate of BzIm complexes.

- Complex (1), Ci4H3CoN3CLO: Yield: 78% MS: M+ = 369.31 (calcd. 369 g/mol). Elemental analysis (%): calcd.: C 45.65,
H 3.55,N 11.38, found C 45.30, H 3.30, N 11.28. FT-IR (cm™'): 3225 v(NH)sec, 3407v(OH), 1615 v(C=N), 435 v(N-CI). UV-
Vis. (DMF, 10, nm): 210, 255 and 270. Ay (103 M, DMF, Q'ecm’mol™"): 15.40. pegr (us, 298 K): 4.07 BM.

- Complex (2), C14H3NiN3CLO: Yield: 80%. MS: M+ = 368.40 (calcd. 368.87 g/mol). Elemental analysis (%): caled.: C
45.58, H3.55, N 11.39, found C 45.54, H 3.78, N 11.63. FT-IR (cm™'): 3227 v(NH)sec, 343 1v(OH), 1560 v(C=N), 433 v(N-CI).
UV-Vis. (DMF, 104, nm): 225, 240, 250, 265 and 290. Ay (10> M, DMF, Q !'cm?mol™): 14.70. pesr (us, 298 K): 3.20 BM.

- Complex (3), Ci4sH;3CuN;CLO: Yield: 82%. MS: M+ = 374 (calcd. 373.72 g/mol). Elemental analysis (%): calcd.: C
45.78, H4.56, N 10.01, found C 44.13, H3.61, N 10.90. FT-IR (cm™"): 3227 v(NH)sec, 3430 v(OH), 1615 v(C=N), 435 v(N-Cl).
UV-Vis. (DMF, 104, nm): 230, 240, 255 and 370. Ay (103 M, DMF, Q'cm?mol™): 12. pegr (us, 298 K): 2.05 BM.
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- Complex (4), Ci14H3ZnN3;CLO: Yield: 80%. MS: M+ =376.31 (calcd. 375.56 g/mol). Elemental analysis (%): calcd.: C
44.77,H 3.39, N 11.19, found C 44.78, H 3.46, N 11.90. FT-IR (cm™): 3243 v(NH)sec, 3429 v(OH), 1613 v(C=N), 437 v(N-
Cl). 'H-NMR (DMSO-dg, 8, ppm): 10.32 (s, 1H, H17), 8.05 (d, 1H, H6), 8.03 (t, 1H, H7), 7.99 (t, 1H, H8), 7.69 (d, 1H, H9),
7.54 (s, 1H, H15), 7. 24 (d, 1H, H13), 7.12 (d, 1H, H12), 2.31 (s, 3H, H16). UV-Vis. (DMF, 10*, nm): 210, 230, 255 and 375.
Am (10° M, DMF, Q'cm?mol!): 7.75.

2.3 Materials and Physical Measurements

The materials, methods, and equipment utilized for characterizing the samples and assessing their physical properties are
thoroughly described in the supplementary file.

2.4 Preparation of PVC Polymeric Film Samples and Photo-Degradation Study

The methods of preparing homogenous films of PVC additive-free and PVC loaded with complexes as well as the
photodegradation study, are described in the supplementary file.

2.5. Computational details

Computational calculations on the ligand and its metal complexes were completed in Gaussian 09 [21]. Various graphic views
of molecular charges and shapes of distinctive molecular orbitals were studied by Gauss View 5.0 package.

3. Results and discussion
3.1. Electronic structure, frontier molecular orbitals, and magnetic susceptibility
Five absorption bands appeared at electronic spectra Bzlm ligand in ethanol. Two of them lies at 204 and 226 nm

which may be attributed to phenyl rings that have medium and low energy m-m* transitions in phenyl of phenol and
benzimidazole moiety, respectively [22]. The possible transitions in benzimidazole ring are three types n-n*, n-n*, and charge-
transfer. Although benzimidazole system has a lone pair of electrons on the tertiary nitrogen atom, this system has not n-m*
transition [23]. So, BzIm bands at 275, 281, and 358 nm may be attributed to benzimidazole ring n-n* transitions. Also, the
appeared doublet bands have the lowest energy in the studied compounds which attributed to a tautomeric structure of these
derivatives [24].

UV-Vis spectra of the four benzimidazole complexes at 10 M were scanned in DMF in the region 200-900 nm (Figure
S1). The electronic spectrum of the cobalt(Il) complex exhibits sharp peaks at 210 and 255 nm with shoulder at 270 nm are
assigned to internal ligand transitions (7—) in the benzimidazole ring), and a broad band around 300-350 nm, suggesting that a
four-coordinate square planar structure for the studied complexes. The broadness of the band may be taken as an indication of
distortion from planar symmetry [25, 26]. The electronic spectrum of nickel (II) complex shows absorption bands at 225, 240,
250, 265, and 290 nm, assigned to 'A,;—'A, transition which are characteristic to square-planar geometry [27, 28]. The Cu(II)
complex in its spectrum displays a band centered at 230, 240, 255 and 370 nm, indicating the complex to have distorted square
planer geometry [28-30]. Finally, the electronic spectrum of the zinc (II) complex shows absorption bands at 210, 230, 255 and
375 nm, which is attributed to the charge transfer transition, supporting coordination of the zinc(II) ion via nitrogen atom, which
is compatible with the complexes with a distorted square planar structure [31], the electronic spectra of these complexes do not
show any d-d transition bands.
The complexes of Cobalt, Nickel, and cupper have a magnetic moment of 2.05, 3.20, and 4.07 BM, which may be imputed to
one, two and three unpaired electrons, respectively that is compatible with presence of weak filed square planer geometry of
these complexes [25, 32]. As expected for d'* ions, zinc(IT) complex has been found to be diamagnetic in nature.

Vibrational analysis

The presence of broad absorption band at 2200-3500 cm™! which is related to NH group of benzimidazole in its IR spectra
as a result of strong hydrogen intermolecular bond between pyridine-type nitrogen, and the benzimidazolic NH group. There
are two absorption bands in IR spectrum, the first one at 3513 cm™ which attributed to BzIm NH and the other at 3445 cm™
that indicates presence of free secondary amino group in the compounds.

The presence of a broad absorption band at 2200-3500 cm!, which is related to the NH group of benzimidazole, in its IR spectra,
is a result of a strong hydrogen intermolecular bond between pyridine-type nitrogen and the benzimidazolic NH group. There
are two absorption bands in the IR spectrum, the first one at 3513 cm ™!, which is attributed to BzIm NH, and the other at 3445
cm!, which indicates the presence of free secondary amino groups in the compounds.

The infrared spectra of complexes 1-4 (Figure S2), indicate the presence of sharper v (NH)g, bands at 3225, 3227, 3227, and
3243 cm’!, respectively, than found in the uncoordinated ligand [33, 34] as a result of breaking of the intermolecular hydrogen
bond. Also, C=N group appears at 1682 cm™' in BzIm ligand with low shifting by 12-73 cm™ in the complexes to confirm
pyridine-type nitrogen participation in the coordination sphere.

The IR spectrum of BzIm ligand displays a band at 3550-3200 cm™' assigned to the stretching mode of the OH group.
Experimentally, this band is assigned to wave numbers (3431-3407 cm™!) in complexes, supporting that this group remains intact
in the complex formation. In the far IR spectra of all the complexes, the new bands observed at 433-437 cm™! region can be
assigned to Metal-N stretch [35].

'H-NMR

The "H NMR of the ligand has NH as a clear singlet at 13.00 ppm, while the secondary amino group appeared as triplet at 5.00
ppm and the methine group (CH,) appeared as a doublet at 4.33 ppm. The protons of aromatics afforded in the region 6.85-
7.39 ppm for secondary amino group and at 7.25-7.70 of benzimidazole aromatic protons.

Egypt. J. Chem. 68, No. 07 (2025)



36
M.A. El Awady et.al.

The "H NMR of the ligand has NH as a clear singlet at 13.00 ppm [36], while the secondary amino group appeared as a triplet
at 5.00 ppm and the methine group (CH>) appeared as a doublet at 4.33 ppm. The protons of aromatics are afforded in the region
6.85-7.39 ppm with respect to the secondary amino group and at 7.25-7.70 of benzimidazole aromatic protons.

The Zn-complex was examined to confirm the proposed structural formula of the metal chelate (Figure S3). The NHs.c group is
responsible for the triplet signal in the free ligand, which travels downfield because of its involvement in the chelation, whereas
the methylene group, which is present in the complex at 5.56 ppm, is responsible for the triplet signal at 5.00 ppm. Additionally,
it is discovered that, in comparison to the other aromatic protons, the aromatic protons closest to the coordination centre’s
experience the greatest downfield changes.

Thermogravimetric Analysis

The thermal decomposition of [Co(BzIm)Cl,] (1) (Figure S4) occurs through two endothermic steps maximized at
317 and 713 °C, with a mass loss amounting to 75.58% (calcd. 73.19%) assuming (CoO+2C) as a final residue. [Ni(BzIm)Cl,]
(2) decomposed through three endothermic stages maximized at 271, 756 and 870 °C, with overall mass loss amounting to
67.28% (calcd. 66.77%), assuming (NiO+4C) as a final residue, The TGA curve of [Cu(BzIm)ClL:] (3), exhibits two
decomposition steps at 220 and 457°C, with overall mass loss amounting to 85.66% (calcd. 84.86%) leaving copper metal as a
final residue. Thermal degradation of [ZnBzIm)Cl,] (4) proceeds via two main steps at 308 and 703 °C, with overall mass loss
amounts to 62.44% (calcd. 62.35%), assuming (ZnO+5C) as a final residue.

Mass spectrometry

The electron impact mass spectra of the BzIm complexes were recorded and investigated at 70 eV of electron energy (Figure
S5). The fragmentation of the parent molecular ion peaks is given in (Schemes 1). The mass spectrum of [Co(BzIm)ClL,] (1)
complex is m/z 369 as molecular ion peak which loses OH group and 2 Cl atoms from M to give a fragment ion at m/z 282
(Scheme 1). It was found that the involvement of C=N,y in chelation introduces a weakness point through which the
benzimidazole ring decomposes to imidazole moiety with a fragment at m/z 177, [(imidazole) CoCL][37].

The strong molecular ion peak of [Ni(BzIm)Cl] (2) complex is at m/z 368.87 with one fragmentation route that is traced by a
peak at m/z 281.97 owing to the elimination of (OH group) and 2Cl atoms. Further fragmentation occurs by the dissociation of
the imidazolic group to provide a fragment at m/z 368.87 (Scheme 1).

Also, the molecular ion peak of [Cu(BzIm)Cl] (3) complex was observed at m/z 373.72, which loses two moles of Cl and OH
giving an ion at m/z 286.82 (Scheme 1).

The mass spectrum of [Zn(BzIm)Cl,] (4) complex has a molecular ion peak at m/z 375.56, the spectrum showed peaks at m/z
288.65 owing to the elimination of 2CI and OH (Scheme 1).

X-ray powder diffraction

XRD patterns of the title complexes (Figure S6), were identified according literature [38, 39], revealed that the
pronounced effect of the metal type on the crystallinity of these compounds. Comparing between XRD spectra the free ligand
and complexes indicated the amorphous structure of the chelates under study. XRD spectra for chelates showed that the
coordination of free ligand and the metal ions changes patterns of XRD in the BzIm ligand. The interstice 3.549 A at 20 =25.065
is the interlayer spacing of BzIm-metal complexes, suggesting that all complexes have the same phase structure.

Electron spin resonance spectra (ESR)

The distribution of the unpaired electrons and the bonding nature between ligand and metal ion are clarified via electron spin
resonance spectra. These studies showed a paramagnetic transition metal(Il) complex. the powdered X-band ESR spectrum of
the complex Cu(II)-BzIm complex at room temperature is shown in Figure S7. The ESR spectrum of the copper complex is of
the axial type gn > g1 > 2.0023 and is consistent with a species having a square structure [40, 41].

Photo stabilization of PVC
a. Weight loss as a criterion for photo-stabilizing efficiency

Weight loss follows the well-known dehydrochlorination process (the evolution of HCl gas) that is typically
associated with photo-degradation of PVC. This phenomenon is known to intensify with an increase in irradiation time.
As aresult, the weight loss % as a function of irradiation time may be used to estimate the degree of degradation and, in turn,
the stabilizer's stabilizing potency and duration of polymer protection. Table 1 presents the weight loss (%) of BzIm complexes
as a function of photo-irradiation time (Figure 2a). The results revealed the low extent of weight loss of photodegraded PVC
stabilized with all the investigated BzIm complexes as compared with the blank PVC sample. [Zn (BzIm)Cl,] (4) complex as
compared with the unmodified reference UV-stabilizer Tinuvin P (TP), while [Co (BzIm)Cl,] (1), [Ni(BzIm)Cl,] (2) and
[Cu(BzIm)Cl,] (3) complexes gave a slightly higher weight loss % as compared with the reference Tinuvin P. On the other
hand, the best stabilizing efficiency of the investigated complexes was given by the [Zn(BzIm)CL] (4), as after 8h. irradiation,
its weight loss is only 2.6 % that of the blank and 3 % that of the reference stabilizer. The stabilizing efficiency of the investigated
photo-stabilizers was found to follow the following order: [Zn(BzIm)CL] (4) > Tinuvin P (TP) > [Ni(BzIm)CL] (2) >
[Cu(BzIm)CL] (3) > [Co (BzIm)Cl,] (1).
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Scheme (1): Fragmentation pattern of BzZIm Complexes

b. Amount of gel as criterion for photo-stabilizing efficiency

The percent of gelation of photodegraded PVC (blank or stabilized) with the reference stabilizer (Tinuvin P) are documented in
Table 1 and Figure 4a. The stabilizing efficiency as determined by the amount of gel formation correlates well with the results
obtained from the % weight loss dat. So, the order: [Zn(BzIm)Cl,] (4) > Tinuvin P (TP) > [Ni(BzIm)Cl,] (2) > [Cu(BzIm)Cl,]
(3) > [Co(BzIm)ClLy] (1).

c.  Soluble fraction as criterion for photo-stabilizing efficiency

The % soluble fraction of either photo-degraded blank PVC or stabilized photo-degraded PVC or photo-degraded blank PVC,
or for photo-degraded PVC with metal-BzIm complexes (as a function of irradiation time) are agreed well with the % gelation
(Table 1 and Figure 2c). this is another proof for the results obtained for gel formation.

d. Extent of discoloration as criterion for photo-stabilizing efficiency

The level of discoloration of photo-degraded films of rigid PVC, in presence of the examined complexes stabilizers as a function
of irradiation time is depicted in Table 2. Additionally provided for comparison is the degree of discoloration of the PVC blank
and the PVC sample stabilized by the reference Tinuvin-P photo-stabilizer. The data revealed the low extent of discoloration of
all the investigated PVC samples stabilized by the complex stabilizers as compared with the blank sample. The stabilizing
efficiency of the investigated compounds was found to be in the following order: [Zn(BzIm)Cl,] (4) > Tinuvin P (TP) >
[Ni(BzIm)Cl>] (2) > [Cu(BzIm)Cl] (3) > [Co(BzIm)Cl,] (1).
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Molecular DFT calculation

Compounds' three-dimensional shapes can be explained by molecular geometries discovered theoretically. At the DFT level of
B3LYP/6-311++G (d, p), all compounds were optimized [20]. Figure 3 displays the optimized geometries of the ligand under
investigation (BzIm) and its complexes 1-4.

The HOMO and LUMO frontier molecular orbitals (FMOs) are essential for predicting a molecule's reactivity and anti-free
radical action [42, 43]. The primary players in electronic transitions are the anti-free radical's lowest unoccupied molecular
orbital (LUMO) and highest occupied Frontier molecular orbital (HOMO) energies; their energy gap represents the reactivity
[44]. At the B3BLYP/6-311++G (d, p) level of DFT, the ligand's HOMO and LUMO, as well as those of its complexes 1-4, were
investigated. Figure 4 displays the distribution pattern of the ligand's and its complexes' frontier molecular orbitals (HOMOs
and LUMOs) at the ground states, along with the related energies. Table lists the specific HOMO and LUMO energies of
compounds 1-4 along with their gaps.

Zn(II) Complex (4) had the lowest HOMO-LUMO energy gap (1.162 eV) among the complexes under investigation, whereas
Co(II) Complex (1) displayed the biggest energy gap (1.307 eV). In addition, the difference between the LUMO and HOMO
energies (AE = ELUMO - EHOMO) is crucial for predicting a compound's chemical response. One further crucial element in
determining a compound's activity is the energy differential between its LUMO and HOMO. A small energy gap shows the
compound's softness (reactivity), whereas a big gap suggests its hardness (stability).
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Figure 2. Variation of weight loss (%), gel content (%) and soluble fraction of M(II)-BzIm complexes with irradiation time

().

Egypt. J. Chem. 68, No. 07 (2025)



39
METAL COMPLEXES OF SUBSTITUTED BENZIMIDAZOLE ...

BzIm
[Co(BzIm)Cl,] (1) complex

[Ni(BzIm)Cl>] (2) complex [Cu(BzIm)Cl,] (3) complex

&

[Zn(BzIm)Cl,] (4) complex

Figure 3. The optimized geometries of the ligand (BzIm) and its complexes (1-4) at the B3LYP/6-311++G (d, p) level of DFT.
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HOMO of BzIm LUMO of BzIm

HOMO of [Ni(BzIm)Cl,] (2) complex LUMO of [Ni(BzIm)Cl] (2) complex

HOMO of [Zn(BzIm)Cl,] (4) complex LUMO of [Zn(BzIm)Cl,] (4) complex
Figure 4. HOMO and LUMO orbitals of the ligand (BzIm) and its complexes 1-4.
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Table 1. Weight loss (%), soluble fraction (%), gel content (%) and intrinsic viscosity (g) measurements for rigid PVC in
presence of metal complexes acting as photo-stabilizers compared to the reference stabilizer Tinuvin P.

Material ‘Weight loss (%) Gel Content (%) Soluble Fraction (%)
PVC (2h) 33 13.2 86.6
PVC (4 h) 4.7 17.6 82.1
PVC (6 h) 53 21 78.6
PVC (8 h) 6.4 26 73.7
PVC + Tp (2 h) 0.4 3.8 95.1
PVC + Tp (4 h) 1 7.1 92.7
PVC + Tp (6 h) 1.6 10.7 89.1
PVC + Tp (8 h) 3 13.7 86
PVC + [Co(BzIm)Clz] (1) (2h) 1.5 7.6 92.2
PVC + [Co(BzIm)Cly] (1) (4h) 22 11.2 88.6
PVC + [Co(BzIm)Cly] (1) (6h) 2.8 14.5 85.2
PVC + [Co(BzIm)Cl>] (1) (8h) 4 19.4 80.3
PVC + [Ni(BzIm)Cl,] (2) (2h) 0.9 4.8 94.7
PVC + [Ni(BzIm)Cl,] (2) (4h) 1.3 8.4 90.6
PVC + [Ni(BzIm)Cl:] (2) (6h) 2 11.9 87.6
PVC + [Ni(BzIm)Cl,] (2) (8h) 32 15.5 83.9
PVC + [Cu(BzIm)Cl:] (3) (2h) 1.2 6.2 93.7
PVC + [Cu(BzIm)Cly] (3) (4h) 1.9 9.6 90.2
PVC + [Cu(BzIm)Cl:] (3) (6h) 2.5 13.3 86.6
PVC + [Cu(BzIm)Cl:] (3) (8h) 3.6 17.5 82.2
PVC + [Zn(BzIm)Cl] (4) (2h) 0.4 32 96.1
PVC + [Zn(BzIm)Cl,] (4) (4h) 0.8 6 93.7
PVC + [Zn(BzIm)Cl,] (4) (6h) 1.4 8.3 91.45
PVC + [Zn(BzIm)Cl,] (4) (8h) 2.6 13 88.5

Table 2. Extent of discoloration of photodegraded films of rigid PVC, in presence of 2 wt % of the investigated stabilizers as
a function of irradiation time

Material Irradiation time (h)
0h 2h 4h 6h 8h
PVC (blank) Colorless Light brown Light brown Brown Dark brown
PVC +Tp Colorless Colorless Light yellow Light yellow yellow
PVC + [Co(BzIm)Cl,] (1) Colorless Light yellow Yellow Dark yellow Dark yellow
PVC+ [Ni(BzIm)Cl] (2) yellow Light yellow Light yellow Light yellow Yellow
PVC+ [Cu(BzIm)Cl,] (3) Colorless Light yellow Light yellow Light yellow Dark yellow
PVC + [Zn(BzIm)Cl,] (4) Colorless Colorless Light yellow Light yellow Light yellow
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Table 3. The values of Exnomo, ELumo and AE (LUMO-HOMO) of the ligand and its complexes 1-4, along with energy gaps

Compounds E (eV)
Enomo Enomo AE= Erumo — Enomo
Bzlm -5.548 -2.697 2.851
[Co(BzIm)CL] (1) 3317 -1.882 1.435
[Ni(BzIm)CL] (2) -3.229 -2.052 1.177
[Cu(BzIm)CLy] (3) 3222 2.026 1.196
[Zn(BzIm)CL,] (4) -3.323 -2.161 1.162

Chemical descriptors such as electronic chemical potential (p) [45], electronegativity (x) [45, 46], chemical hardness (),
softness (o) [47], electrophilicity (®), electron acceptor power (o+), and electron donor power (w’) [46], ionization potential
(IP), and electron affinity (EA) [48] are thought to play a significant role in predicting a compound's antiradical power. Table 4
lists the ligands and their complexes' reactivity indices.

Table 4. Reactivity indices of the ligand and its complexes 1-4.

Reactivity indices (eV)
Compound
1P? EAP pe n¢ c* of o't o!
BzIm 5.548 2.697 4.122 1.4255 0.701 11.922 0.298 0.423
[Co(BzIm)Cl,] (1) 3.317 1.882 2.599 0.7175 1.393 9.417 0.390 0.515
[Ni(BzIm)Cl:] (2) 3.229 2.052 2.640 0.5885 1.699 11.847 0.498 0.623
[Cu(BzIm)Cl,] (3) 3.222 2.026 2.624 0.598 1.672 11.514 0.485 0.610
[Zn(BzIm)Cly] (4) 3.323 2.161 2.742 0.581 1.721 12.940 0.527 0.652
21P (eV) = - Enomo; ® EA (eV) = - ELumo; u = —(IHZEA) ;9n = —UP_ZEA); ‘o= l; f o= 5; e+
(Electron acceptor power) = (11;[3_’2; ;B = (electron donor power) = %.

It is clear that among all complexes, [Zn(BzIm)Cl,] (4) complex has the lowest value of n, i.e., 0.581eV, whereas
[Co(BzIm)Cl,] (1) complex has the highest value (0. 0.653 eV). These findings are consistent with the LUMO-HOMO band
gaps of all compounds. Zn(II) complex (2) has the highest electronic chemical potential (p) value (2.742 eV), while Co(II)
complex has the lowest chemical potential value (2.599 eV). The results indicate that [Zn(BzIm)Cl,] (4) complex has the lowest
electrophilicity index value and is nucleophilic in nature, whereas [Co(BzIm)Cl,] (1) complex has the highest value o, i.e.,
12.940 eV, and is strongly electrophilic in nature. In addition, among the set of complexes, [Zn(BzIm)Cl,] (4) complex has the
highest electron acceptor power (o+) and electron donor power (@) values (0.527eV and 0.652 eV, respectively), while
[Co(BzIm)Cl,] (1) complex has the lowest electron acceptor power and electron donor power values (0.390 eV and 0.515 eV,
respectively). The theoretical data are consistent with those obtained from experimental data (weight loss %) and the reactivity
of complexes follows the order: [Zn(BzIm)CL] (4) complex > [Ni(BzIm)Cly] (2) complex > [Cu(BzIm)Cl,] (3) complex >
[Co(BzIm)Cl] (1) complex.

4. Conclusion

Studies of Co'l, Ni'!, Cu", and Zn" complexes of Phenyl benzimidazole (BzIm) which is structural commercial,
industrial UV-stabilizer for PVC resin have been performed both experimentally and theoretically. The structure of the BzIm
complexes was confirmed by the IR, UV-Vis, magnetic, molar conductance, 'H-NMR, MS, XRD and elemental analysis. The
central metal(IT) ion (Co", Ni"', Cu", and Zn") is coordinated by the pyridine-type nitrogen of benzimidazole ring, secondary
amino group and two Cl-ions, forming a distorted square planar geometry. The reaction between BzIm ligand and metal(II) ion,
(Co", Ni", Cu", and Zn") was found to be stoichiometric with the formation of a 1:1 complex. A theoretical DFT/UB3LYP
method combined with LANL2DZ basis set shows that all the metal-ligand bonds are of the L—M type. Investigation of the
studied compounds as photo-stabilizers for PVC composites has been also explored. The results revealed that the low extent of
weight loss, gelation formation, and development of the soluble fraction of the photo-degraded PVC stabilized by metal
complexes comparing by the reference UV-absorber. The stabilizing efficiency of the investigated compounds was found to be
in the following order: [Zn(BzIm)Cl,] (4) > Tinuvin P (TP) > [Ni(BzIm)Cl,] (2) > [Cu(BzIm)Cl;] (3) > [Co(BzIm)Cl] (1). The
stabilizing efficiency of these derivatives is attributes to their radical trapping potency which intervenes with the radical
degradation process of PVC
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