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Abstract

The Raman (3500—100 cm™) and mid-infrared (4000—400 cm™) spectra in addition to the '"H NMR chemical shifts (8, ppm) of
((N?Z, N*E)-N!, N*-bis (4 (dimethylamino) benzylidene) butane 1,4-diamine) Schiff base (Molecular formula, C22H3N4) has
been recorded. Moreover, we have carried out full geometry optimization followed by frequency calculations using the DFT-
B3LYP method employing 6-31+G(d) basis set to include the polarization and diffusion functions. The Raman activities and
infra intensities favour a slightly distorted symmetric molecule with an inversion center. Aided by the calculated
wavenumbers assembled with Raman and infrared spectral observations, we have provided complete/reliable vibrational
assignments for all fundamentals with the exception of those anticipated below 100 and 400 cm, respectively, this is true
regardless of whether or not any fundamentals were found either overlapped or coincident. Analyses of normal coordinates
provide support for the prevailing spectral interpretations, that were based on the computed atomic displacements in x, y and z
Cartesian coordinate (ADCC) from B3LYP/6-31+G(d). All results are reported herein and compared with similar molecules
whenever appropriate.

Keywords:Schiff base; Infrared; Raman; Vibrational Assignment and DFT.

analytes, agriculture, imaging of various analytes in
biological systems and molecular recognition [5-7].
There are numerous uses for Schiff base complexes,
including pharmaceutical [8], medical/antimicrobial

1. Introduction

Schiff bases are classified as a subclass of

imines (R;>C=N- R), R#H, known as azomethines fields (drug delivery, cancer, diagnosis, tissue
regeneration, wound healing, tissue adhesives) [9-

11], bioinorganic chemistry, water treatment,
catalysis, material science, supramolecular chemistry,
separation and/or encapsulation processes as well as
in the development of substances with unique
structural features [12, 13]. Moreover, Schiff bases
have been proven to be efficient at preventing
corrosion [14-16]. Therefore, the organic/inorganic
framework of Schiff bases and their applications are
brought to the attention of computational chemists

and could be considered as nitrogen analog of an
aldehyde or ketone [1]. Otherwise, they are
categorized as uni-, di-, tri-, and tetra-dentate ligands
depending on the number of donor atoms in which
the nature of the primary amine/diamine and the type
of aldehyde/ketone determine the donor nature [2,3].
Schiff  bases/imines are  crucial  synthetic
intermediates [4], they are widely used in design of
chemosensors/probes, detection of various toxic
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through  DFT molecular
modelling/docking approaches/procedures [8, 17-21]
in addition to vibrational analysis [8, 22-27]. The
((N'Z, N°E)-N!, N%bis (4 (dimethylamino)
benzylidene) butane 1,4-diamine) Schiff base is a
promising corrosion inhibitor owing to the presence
of two benzylidene rings and four nitrogen atoms.
According to the literature survey and to the best of
our knowledge neither vibrational nor computations
were reported elsewhere for Schiff-B; MF Cx»Hj3oNa.
Therefore, we have initiated the current vibrational
(Raman and infrared) in addition to '"H NMR spectral
investigations. Further computations, using LCAO-
MO-SCF quantum mechanical (QM) optimization
followed by wavenumbers predictions were also
carried out using DFT-B3LYP/6-31+G(d) basis set
[28]. Aided by normal coordinate analysis using the
produced atomic displacements of Cartesian
coordinate (ADCC) in X, y and z directions, we can
provide reliable and confident vibrational
interpretations of the observed Raman and infrared

simulations,  and

bands. The results will be compared with similar
molecules whenever appropriate.

2. Experimental

2.1. Chemicals

High purity grade used chemicals in this
study were used purchased from alpha chemical
company and have been used without further
purification from various companies with as follow;
4-(Dimethyl amino) benzaldehyde, 1,4-
Diaminobutane, Ethanol.

2.2. Synthesis of the Schiff Base

The Schiff-B was prepared using round flask
fitted with water-cooled condenser. The 4-
(Dimethylamino) benzaldehyde and 1,4-
Diaminobutane (2:1 molar ratio in 25 mL of EtOH)
were refluxed in a heating mantel with three droplets
of HCI for 7h at 80°C with continuous stirring to
yield ((N!Z, N*E)-N?, N*-bis (4 (dimethyl amino)
benzylidene) butane 1,4-diamine), as shown in
Scheme 1[29]. Adding HCI] were kept to a minimum
to avoid the protonation of imine nitrogen atom(s).
After cooling, the product is filtered out and
recrystallized from absolute ethanol, 82% percentage
yield was obtained and m.p of 130 °C was reported
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using Melting point apparatus (Stuart Scientific Co.
Ltd).

2.3 Structural Characterization of Schiff-B

Structural ~ characterizations ~ of  the
synthesized "((N'Z, N*E)-N!, N“-bis (4 (dimethyl
amino) benzylidene) butane 1,4-diamine), Molecular
formula: Cy;H3oN4" have been emphasized by
elemental analysis, infrared-, Raman- and NMR-
spectroscopic measurements, Figures 1A, 1B and
Fig.2, respectively. CHNanalysis were obtained using
a Vario Elementar Analyzer (Hanau, Germany) [30],
the revealed (Calc/found) percentages were as follow;
C:  (75.39/75.30), H: (8.63/8.21) and N:
(15.98/15.88). '"HNMR, DMSO (Fig. 2): § 2.9 (s, 12
H, 4 CHs), 1.59 (m, 4H, 2CH,), 3.48 (t, 4H, 2CH>),
6.7 (d, 2H, J = 8.00 Hz, Ar-H), 7.5 (d, 2H, J = 7.33
Hz, Ar-H), 876 (s, 2H, CH enaminic). The
vibrational spectra of the reactant’s molecules have
been already published; IR and Raman spectra of 4-
dimethylaminobenzaldehyde [31] in addition to the
IR spectrum of butane-1,4-diamine [32]. The absence
of the vibrational signatures of both the aldehyde and
amino moieties confirms the formation of Schiff-B.
The characteristic group frequencies of the carbonyl
stretch were observed earlier [31] at 1666 (ms; R) is
vanished herein. Whereas the sharp Raman bands at
1588 (vs) and 1552 (w) [31] were split herein at 1638
(vs) and 1607 (vs), considering C=N and C=C
stretching modes. In addition to that, the IR extensive
broadening from 2200-3500 ¢cm™ owing to primary
amine(s) hydrogen bonding (HB) interactions [31]
were cleared-out in the IR spectrum of the
investigated Schiff-B (Fig. 1A). Nevertheless, the
observed Raman band above 3100 cm! owing to
intermolecular HB NH; for 1,4-diaminobutane [32] is
absent in the Raman spectrum of Schiff-B (Fig. 1B).
We will discuss in detail IR and Raman vibrational
interpretations of our Schiff-B based on B3LYP/6-
31+G(d) estimated frequencies, assisted by normal
coordinate analysis based on atomic displacements in
Cartesian coordinate (ADCC).
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Scheme 1 : Schiff-B synthesis
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Fig (1): Experimental vibrational spectra of (Schiff-B); (A) IR spectrum given in black colour (4000—500 cm™)

(B) Raman spectrum given in red colour (3500-55 cm™).
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Fig (2): '"HNMR spectrum of Schiff-B

2.4, Spectroscopic Measurements

The Fourier transform infrared (FTIR)
spectrum of Cy2H3oNy from 4000-400 cm'in the solid
state was recorded on Shimadzu FTIR-8300. To
acquire the FTIR spectrum (Fig. 1A), 32
accumulative scans were collected at 2 wavenumbers
resolution using KBr disk technique. While, the
Raman (4000-100 cm™) spectrum of the finely
grinded powdered sample was recorded on Senterra
dispersive Raman spectrophotometer (Fig. 1B),
Bruker Optics. Laser wavelength of 532 nm, 300
mW, spot size of 1.0 um, 4 cm™ resolution, 16 scans
and 1 sec exposure time. Whereas the proton nuclear
magnetic resonance spectrum ('HNMR, Fig. 2) was
obtained with the sample dissolved in DMSO-dg
using 500 MHz Bruker Spectro spin instrument at
Ultra Shield magnets, collecting 16 accumulative
scans.
3. Computational Part

Due to the capabilities of computers two
decades ago, it was difficult to accomplish full
optimization for organic compounds with hetero
atom(s) by standard ab initio calculations at higher
levels than the Self-Consistent Field Hartree-Fock
(SCF-HF) approach [33]. Recently, the hybrid
Density Functional(s) Theory, DFT computations are
considered effective and less costly particularly the
Becke-Lee-Yang-Parr abbreviated as Becke3LYP
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functions [34,35] for small, medium and large
molecular system [36-38]. On the other hand, the
method of Moller Plesset perturbation method to
second order (MP2) with and without full electron
correlation [39] became less popular owing to high
computational cost and incomplete optimizations
particularly for large molecular systems [40-43],
which is the case for our Schiff B. It worth to
mention that, the current computations were limited
to our PC specifications (intel Core i7, 10 Gen, 8GB
Ram), therefore we could not perform MP2
computations since it fails with more efficient
computers [44, 45]. We have performed LCAO-MO-
SCF DFT calculations using GAUSSIAN 09 [46]
molecular package implementing B3LYP parameters
at 6-31+G(d) basis set. For geometry optimization,
the energy minima with respect to the nuclear
coordinates was obtained by simultaneous relaxation
of all geometrical parameters using the gradient
method of Pulay [47]. Structure optimization
strategies were pursued up to the full convergence
criteria in GAUSSIAN 09 (maximum force of
0.000450 mdyne and maximum displacement of
0.001800 A). Then, the optimized geometry was used
to estimate the vibrational frequencies in the
harmonic approximation utilizing the same method
and basis set. At the optimized local minimum of the
potential energy surface (PES), no imaginary
frequency was obtained. The results are compared



275

with earlier computational and vibrational outcomes
[48-52] as well as X-ray structural parameters [53,
54] and Electron Diffraction [50].

3.1 Structural Parameters (SPs)

Aided with the published X-ray data [53] of
(N'Z, N*E)-N!, N*bis (4 (dimethyl amino)
benzylidene) and the available electron diffraction
data (ED) of butane 1,4-diamine [55] which contains
quartet methylene groups, we were able to compare
our theoretical SPs (Table 1) to those obtained
experimentally [53], for atom numbering refer to
Figure 3C. The estimated (1.091-1.102) and
experimental (0.980) values in A for the C—Hye
bond length were in good agreement with variations
of 10-11%. Nevertheless, the predicted r(C—H’s) of
the methylene moiety were ranged from 1.099-1.093
within an average of 0.100+0.003 A obtained from
gas phase ED of n-butane [50, 56]. It is already
known that the bond length follows the order: C-Ciy.

bond length are expected to be conjugated, i.e., an
average between pure double bond (1.339-1.340 A,
olefin) and the pure single bond (1.535 A, Ethan)
[57]. Resonance is clearly evidenced herein from the
computed CC bond lengths ~ 1.386-1.415 A.
However, (E)-4-[(4-Methoxyphenyl) monomethyl] -
N, N dimethyl aniline does not show a clear
resonance nearby partial double bond, the r(CC) was
found in excellent agreement with those reported
earlier (1.531 A; [50]; 1.533 A;[52]; 1.547-1.550
A;[58]; 1.5440.02; [55]. Our computed values for
Ci1oCiCs = CiC4C7 were deviated by 0.6°[50]and
found within the experimental error [55].

The computed and experimental [53] CNC
bond angles were deviated by less than 3%.
Nevertheless, the HCH bend angle of methyl and
methylene groups were not reported by X-ray and ED
studies [50, 52, 55, 58]. Therefore, we have
compared them with those obtained for NBenzyl-4-
(3-benzyl carbamoyl propyl disulfanyl)- butyramide
(BBCPB, C»H»N,0,S;) which is a large sized
molecules close to Schiff-B (Figure 3B). Since the
BBCPB is divided to parts A and B, the reported
HCH angle is 109.0(2) and 109.5(11), respectively
where the CCH angles were averaged ~110.22+0.15°
from ED of n-butane. Nevertheless, the CCCC
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dihedral angles of benzene rings reveal twisted rings
rather than planar, tilted angle ranges ~0.17-0.38° (in-
plane) and ~0.37-0.72° (out-of-plane). On the other
hand, the tCCCC of ~180, therefore favours trans
skeletal rearrangements rather than gauche.

3.2 Normal coordinate analysis

We have faced technical problems using
force constants program like that written by Schacht
schneider [59] and modified by Guirgis et al [60] to
convert force constants in Cartesian coordinate to that
in chosen internal coordinates (F-Matrix). Owing to
the relatively large size of the investigated Schiff
base and the restrictions on the number of
independent internal coordinates that should not
exceed eighty, we could not also implement the
traditional method suggested by Pulay [47] to
calculate B-Matrix using Wilson G.F. method [61].
Therefore, we have used another alternative which
have been effectively implemented to carry out NCA
[62] using the atomic displacements in x, y and z
Cartesian coordinates (ADCC) from B3LYP/6-
31+G(d) log file. Selected wavenumbers and their
corresponding displacements are illustrated in Figure
4. For simplicity, a conceptual approximation of
ADCC were based on omitting 15% of the maximum
values either in x, y and/or z directions.

4. Vibrational assignments

The observed infrared (Figure 1A) and
Raman (Figure 1B) bands in addition to the computed
B3LYP vibrational frequencies along with estimated
infrared intensities (km/mol), and Raman scattering
activities (A* /amu) utilizing 6-31+G(d) basis set
(Table 2). Excluding wave numbers below 100 cm’!,
the investigated Schiff-B has around 150 active
fundamentals in infrared and Raman. Aided by
normal coordinate analysis using ADCC, we have
provided comprehensive vibrational assignments for
most fundamentals regardless of the
expected/observed overlapping owing to the large
size of the investigated molecule. Moreover, we have
also used Gauss View program to visualize normal
modes of vibrations whenever appropriate [63].
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(A)

(B)

Fig (3): 3Dstructures of (A) X-Ray [53]; (B) X-Ray (BBCPB) [54]; (C) Optimized Schiff-B

4.1 The 3200—2800 cm ™' region

Vibrational spectroscopic feature above
3000 cm™ are expected for C-H aromatic (C-Hy) and
olefinic (C-Hyy; sp?) stretches [48, 64, 65]. Therefor
the weak IR and medium Raman band observed at
3130 and 308lcm™' is assigned to the overlapped
symmetric/asymmetric C-H, (sp?) stretches (vi).
The illustrated displacements of hydrogen atoms
numbered (Hzs, Hy7, Hag; v3) and (Has, Has; vs) is
theoretical evidence (Fig. 4). Similar overlapped
fundamentals at 3081 cm™ in the Raman spectrum
fits the vas CHy, stretches (vss) (Figure 1-B and Table
2). Similarly, vo.1» are assigned to a sole IR band at
3042 cm’!, however show splitting pattern at 3048,
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3021, 2993 and 2970 cm’!, respectively in the Raman
spectrum. On the other hand, the C-H unsaturated
olefinic bond length (1.105 A) is predicated longer
than those estimated for aromatic (1.088-1.084 A)
and saturated C-H (1.098 A), thus the VCHoiefine iS
observed below 3000 cm' rather than these
commonly reported above 3100 cm™. A Schiff base
with an inversion center is suggested by observing
the computed IR intensity and Raman activity of vis.
22, which reflect the mutual exclusion rule.
Nevertheless, we have assumed IR intensities and
Raman activities lower than 0.06 Km/mol and 0.4
A*amu, of being inactive in both IR and R spectra,
respectively. Similarly, v27 (IRine. 222.3 and Raei. 0.1;
Ria) and vzs (IRine. 0.131; IRja and R 212.3) in
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addition to
V31,32,V33,34,V37,38,V39,40, V43,44, V50,51, V53,54, V55,56, V57,58,

V59,605 V61,625V63564,V665675 V68569, V70,715 V75,765 V77,785 V79,805

V88,V89,V91,92,V93,94,V95,96, V97,985 V99,100, V10351045 V105,106, V
111,1125V113,1145V115,1165V117,1185V119,1205 V121,122, V124,125, V12
6,127,V128,129, V130,131, V132,133, V137,138,V139,140, V141,142,V 143,
144;V145,146;V147,143. The observed IR bands at 2921 (s)
and 2826 (s) covers a range of ~226 cm' therefore,
assigned for overlapped fundamentals (viz.; Av =
+55cm™!) that fit the unresolved strong IR band at
2921 cm’!, other saturated, olefin and aromatic CH
stretches are given in Table 2. Identical wavenumbers
(vo26) from 3150-2947 cm™ match vC-Hukae (Sp°;
CH; and CH,) while the vC-Hoefinic (Sp?) were
estimated at 2970 cm™. It is worth mentioning that
unscaled wavenumber ~3229-3200 cm™ was scaled
herein ~3132-3104 cm™'.

4.2 The 1700-1000 cm™' region

According to earlier spectral observations
[17, 22, 48], the reported C=N and/or C=C stretches
are favoured to the very strong IR band at 1610 cm ™!
and the split Raman bands at 1638 and 1607 cm™,
respectively. The symmetric (vii; IRiu& R,) and
antisymmetric (v3; IR.& Riy) C=N stretches are
assigned to very strong bands observed at 1638 (R)
and 1610 (IR) cm’', respectively. While the Raman
band 1607 cm™ (vs) favors C=C quadrant aromatic
stretch as suggested by Colthup et al [48] in
agreement with split Raman bands at 1588 and 1563
cm’'[66]and ~1563-1612 cm™ [22]. The C=N stretch
was ranged from 1649-1599 ¢cm'in IR and matrix
isolated infrared spectra of 2-(N-
phenyliminomethyl)—phenol,2-
(Nmethyliminomethyl)-phenol, 2-(N-methyl-o-
2-(N-methyl-a-iminoethyl)-4-
chlor-6-nitrophenol and 2-(N-methyl-o-iminoethyl)-
4, 6-dichlorophenol Schiff bases [17]. The vs3.35 were
unscaled/scaled at 1626/1660 cm’!, thus assigned to
C=C stretches in which v33vss is Raman active (R,)
and almost IR inactive (IR;), therefore observed at
1607 cm! (vs) in the Raman spectrum [67]. On the
other hand, the observed IR band at 1523 cm™ (vs)
fits V3733 fundamentals without Raman analogs,

iminoethyl)-phenol,

Moreover, Vvi4, Vig is presumably Raman inactive
(calc. Raman activity of ~ 03 A* /amu) but infrared
active (894 Km/mol), it is observed herein at 1523

cm! (vs). It is worth to mention that v3; and vs3
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fundamentals have the highest Raman scattering
activities of 3307 and 3210 units A* /amu,
respectively whereas vi; and vi4 have the highest IR
activities of 363- and 894-units km/mol, respectively.

The SCHar, 8scissCH2 and 8CH3 (V37.46) are
unscaled from 1570-1516 cm™” (Av = 50 cm™)
theoretically separated by 4 cm™ (Table 2), hence
assigned for the observed IR and R bands at 1463 cm”
. However, the combined weak Raman bands at
1438 and 1421 cm™' and the strong/shoulder IR bands
at 1463 cm™' and 1438 cm™ agree with v39.46 andvaz.s,
respectively. As the matter of fact, the other 8,5 CHj
(Va1, Va2) and Osciss CH2(Va3,44,47,50) Were separated by
35 cm’!, assigned to the weak Raman band at 1421
cm’!', however v4; has the highest Raman activity
(58.6 A%amu) among vai-vsa(Table 2). Likewise, the
counterpart IR band observed at 1438 cm™ has the
highest IRin. (85.5 Km/mole) among vi41-vs:
fundamentals. Noticeably, the CH,/CH; bending
modes including scissors, umbrella, antisymmetric
(va7.52) are theoretically separated by 4 cm™(Table 2),
thus the measured in IR/R bands at 1438/1421 cm'!
are within ~ 1544-1504 cm’'[17], hence fit v475
fundamentals. The observed IR band at 1354 c¢cm™!
(vs) fits the v CC ar (vs3, Vs4), dum CH3 (vss, Vse), 0ipC-
Hoi (57, vsg), and Swag CHz (Vs9, Veo) in agreement with
calculated infrared intensities (645.3 km/mol) and
were unscaled/scaled around (1479-1400)/(1419-
1400) cm™!, where Av is 19 cm™'. While the weak
resolved Raman bands at 1409, 1379, 1353 and 1340
cm! were interpreted CC, stretches (Table 2).
Nevertheless, the vCC,; observed at 1409 cm™ named
as semi-circle stretch [48]is well compared to those
reported earlier at 1418 cm™[66]and 1410 cm™'[68].
Hence, the conjugated C=C stretches (vs3sa6364) 1S
red shifted and observed from 1409-1311 cm!
regardless of their mixing/overlapping (Table 2).

The vC=N, v C=C,, dCH, (wag, twist) and
8ip CHar (Vo1-70) fundamentals differs only by 28 cm;
hence, could match 1300/1311 cm™ (IR/R).
Nevertheless, the Raman counterpart is accompanied
with a shoulder at low frequency side ~1286 cm™!
(Table 2) OCH (ip) (V66, V67, V75), VC—NMe (V71, V72,), 6wag
CH: (v73,v74) and  Siwist CHa (V685 V69, v70) modes were
separated by Av + 80 cm™! thus fundamentals (Ves,67)
are assigned for IR/Raman bands at 1300/1311 cm™!
while  v717275 match  those  recorded at
1234(s)/1241(m) cm™, in agreement with the
predicted IRy and Rue (Table 2). The methyl and
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methylene bending modes were found in close
vicinity to those reported earlier for organic
molecules [48, 49, 64, 69], with emphasis on
SCH»>~1419/1464 (Oscissor),~1280/1276 ),
~1300/1302  (&twist) for di-n-butyl ether which
contains quartet CH, moieties [64].

Nevertheless, pCHs; was reported at
~1093/1093 cm! (R/IR) for dimethylformamide
nearby those given by Durig et al for n-butane [51].
While the observed J;;CH bending modes ~1523-
1117 and ~809-1088 cm™! were in good match within
+50 cm™ compared to References [17, 70]~1490-
1159 cm™ and ~895-1003 cm’!, respectively.

The following fundamentals between (1200-
895 cm™) are characterized by extensive overlapping
and mixing. Because of =17 cm™ separation (v76-s0),
the observed Raman/IR band at 1180(s)1172(vs) cm"!
fit 8(ip)CHar, 8:CH> and p CH3 modes.

Similarly, vgsi.s7 were overlapped which fit
wavenumbers at 1117sh (IR)/1088s(R) cm™' and
found dominated by p CH: (rocking, 0ip CH aromatic
and p CH3; modes. Following the same consent, vgs.o3
were assigned to p CH3 (vgo90), v C-N (vo3) and v CC
(vo2) fit an IR a shoulder at 1058 cm'within ~1022-
1012 cm™! given by Smith et al [22].

Indeed, vo; and vo3 normal modes were
identical at 1064/1058 cm™' (calculated/observed). It
is worth mentioning that the CH, and CH, were
expected within 980-1025 cm™ (Av+45cm™) as per
B3LYP theoretical predictions, therefore the IR./R,
fundamentals (vo4,9598.99/ Vo6,97,100) Were assigned to
IR/R bands at 1003/1000 cm !, in agreement with the
estimated IRin and Ryt (Table 2).

The observed band at 943 cm™ in both IR
and Raman spectra is assigned to CN stretches
(V101,102) [38, 39] The (V103,105) are Ria, but V104 is Ra
with low Rye (5.0 A*/amu), therefore barely observed
at 914 cm’!. These overlapped fundamentals vi03-105
were estimated to be weak (IR 2.9 Km/mol),
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observed at 900/914, 895cm™ (IR/R); (Figure 1-A, B
and Table 2). It is noted that the dominant yCHar (V10s;
Hb23,27,35,38) is mixed with both YCH, (H16,18) and
pCH: (Hz,3,5,6) owing to the large ADCC (Fig4C) of
the involved atoms (Fig. 3C for atom numbering).

4.3 The 900-75 cm™’ region

The ring breathing (vios; Ra /vio7; IRa) was
adjusted straightforward to the observed bands at 863
(w, sh) and 868 cm™ (m) in the Raman and IR
spectra, respectively. The band at 809 cm™ were
assigned to the out-of-plane ring deformation (Soop;

V108-Vii1).

While the IR, modes, vii3 (p CHz) andvi;s
(8o0p Ting twist) fit an IR shoulder at 733 cm™' (m).
Moreover, vii4 andv7 fit the strong Raman band at
736 cm’!' (m) which is dominated by ring bending
modes.

The spilt Raman band centered at 634 cm'!
(m) favours vii9 (~605-635 cm™). On the other hand,
the IR band at 594 cm™' was adjusted to vi20. Vi22, Vi24
and vz fundamentals and that recorded at 516 cm™!
(m) is dominated by &:ing CCC plus minor p CHs.
Mixed in-planning (viz) and outer ring (C:NCye)
bending modes (vi2s) is observed at 476 cm™ (R, sh),
overlapped with C2CasNye; unscaled at 486 cm™!
which is verified by the large ADCC of the assigned
atoms, Ci1, N3o, C4s and Cy and nearby atoms.
Another mixing is found in & C-C-N, & C-N=C and $
C-C-Cy that recorded/calculated at 451/448 cm!
(vi2s) compared to Raman band at 432 cm! for n-
butane.

The observed vw Raman features at 247
and 266 cm’! were assigned to overlapped Me
torsions while those recorded at 222 cm™ reflects
both y C=N-C and y N=C-C out-of-plane mixed with
minor methyl torsion. Approximate description of
selected fundamentals was given below (Fig. 4A-C).
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Fig (4A): Cartesian coordinate displacements of the normal vibrations of the prepared Schiff-B.
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Fig (4B): Cartesian coordinate displacements of the normal vibrations of the prepared Schiff-B.
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Fig (4C): Cartesian coordinate displacements of the normal vibrations of the prepared Schiff-B.
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Table 1: Calculated structural parameters® for the investigated Schiff-B inhibitor ®

Structural Parameters? X-ray 5% X-ray 54 (IjEilfiigc(:)t?on [50] 683;112/( d)
Bond length (r)
r (Cas—Ha7) me 0.9800 - - 1.102
r (Css—Hag) me 0.9800 - - 1.096
r (Css—Has) me 0.9800 - - 1.091
r (C41—H43) Me 0.9800 - - 1.091
r (Ca1s—Haa) me 0.9800 - - 1.096
r (C41—H42) Me 0.9800 - - 1.102
I (Cas—Nag) me 1.4502 - - 1.454
r (C41—N39) Me 1.4455 - - 1.455
r (C26—N3g) me 1.3826 - - 1.386
I (C15—Cuo) 1.4534 1.52(3) - 1.466
I (C21=C10))=(C20=Ca0) 1.3899 1.38(2) - 1.406
r (C19=C20)E(C29=C31) 1.4028 140(2) - 1.402
I (C20=C22)=(C31=Ca34) 1.3721 1.42(2) - 1.391
r (C22=C26)E(C34=C36) 1.4112 144(3) - 1.415
r (C26=C24)E(C36=C32) 1.4048 137(2) - 1.420
I (C24=C21)=(C31=Cz0) 1.3790 1.34(2) - 1.386
r (Cis—Hoys) 0.9500 - - 1.105
r (Coo—H23) 0.9500 - - 1.088
r (Coo—Hz27) 0.9500 - - 1.083
r (Cos—Has) 0.9500 - - 1.083
r (Ca1i—Has) 0.9500 - - 1.086
r (N13=Ci5s) 1.272 - - 1.27
I (N13—Cio) 1.412 1.40(2) - 1.452
r (Ci—Cy) - 1.47(2) 1.531 1.533
r (Ci—Cuo) - 1.57(2) 1.531 1.535
r (C4+—Cv) - 1.49(2) 1.531 1.535
r (C—H) ch2 - - 1.119 1.099-1.093
Bond («) and dihedral angles (t)

Z(C15N13C10)=(C17N14C7) 121.70 - - 118.3
Z (C45N39Co26)=(Ca9N4aoCsze) 119.93 - - 119.5
Z (C45N39Ca1)=(Cs53N4soCs9) 115.71 - - 118.1
Z (C41N39C26)=(Cs53NaoCsze) 119.71 - - 119.6
£ (H3C1H>) ch2 - - 106.5
£ (HsC4He) ch2 - 109.5(11)/ - 106.5
£ (HoC7Hs) ch2 - 109.0(2) - 107.3
£ (H12C10H11) cH2 - - 107.3
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Table 1: Continued.

Structural Parameters? X-ray [l X-ray [54 (Ijzilfi(;gc?t?on [50] GB%ICP;/( d)
£ (H47C45Ha46) me 110.00 - - 108.3
£ (C10C1C4)=(C1CsC7) cH2 - 119.02) 113.3 112.7
£ (N39CasHas) 109.00 - - 111.0
£ (N39CasHa7) 109.00 - - 112.6
Z (N3sCasHas) 109.00 3 - 109.1
£ (H4gCasHa7) 109.00 - - 108.2
Z (C19C15Ni3) 122.55 117.02) - 124.0
£ (C20C19Ci15) 122.50 - - 120.2
£ (C21C19C15) 120.38 122.02) - 122.3
£ (C21C19C20) 117.09 - - 117.5
Z (C19C20C22) 121.81 121.02) - 121.9
Z (C20C22C2s) 120.98 123.02) - 120.8
£ (C24C26N3g) 121.46 - - 121.3
Z (C22C26Cas) 117.17 115.02) - 117.2
£ (C22C26N39) 121.35 - - 121.5
£ (C26C24C21) 120.97 121.02) - 121.2
2 (C24C21C1o) 121.97 12402) - 121.4
£ (C19C15C16) 119.00 - - 115.1
£ (H16C15N13) 119.00 - - 120.9
£ (H23C20H19) 119.00 - - 119.4
£ (C22C20H23) 119.00 120.0(2) - 118.8
£ (C26C22H27) 119.00 116.0(2) - 120.6
£ (C20C22H27) 120.00 - - 118.7
£ (C21Ca4H2s) 119.00 120.02) - 118.5
£ (C26C24H2s) 120.00 - - 120.3
£ (C19C21H25) 119.00 118.0(2) - 118.6
Z (C24Ca1H2s) 119.00 - - 119.9
£ (Ha3Cs1N39) 109.00 - - 109.0
£ (H42C41Has) 109.00 - - 108.2
Z (H42C41H43) 109.00 - - 108.3
£ (H42C41N3) 109.00 - - 112.6
£ (H44C41N3) 109.00 - - 111.1
£ (H13Ca1Has) 109.00 - - 107.5
£ (HasCasHas) 110.00 - - 107.5
T (C10N13C15C19) -177.55 - -179.9
T (C21C19C20C2) -0.17 - -0.22
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Table 1: Continued.

Electron B3LYP/
a - [53] - [54]
Structural Parameters X-ray X-ray diffraction 501 6-31+G(d)
3.0(2)/
T (C19C20C22C26) -0.38 - -0.44
-1.0(2)
-4.0(2)/
T (C20C22C26C24) 0.72 - 1.09
0.0(3)
T (C21C24C26N39) 179.19 - - 178.4
T (C15C19C20C22) -177.57 178.03) - -179.9
T (N39C26C22C20) -179.00 - - -178.4
T (C45N39C26C24) 175.35 - - 171.1
T (C41N39C26C22) -161.06 - - -170.03
T (C45N39C26C22) -6.25 - - -9.37
T (C41N39C26C24) 20.54 - - 10.44
T (N13C15C19C21) -1.15 - - 0.33
T (N13C15C19C20) 176.68 161.03) - 180
T (C15C19C21C24) 177.73 -179.0(4) - 179.9
T (C22C26C24C21) -0.52 -1.0(3) - -1.10
T (C26C22C20C19) -0.02 -1.0(2) - -0.44

? Bond distances (r) in angstroms, bond (£) and dihedral angles (1) in degrees.

®The X-ray structure of (N1Z, N4E)-N1, N4-bis (4-(dimethyl amino) benzylidene) butane-1,4-diamine
(Schiftf-B).
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Table 2: Observed and calculated (B3LYP) frequencies (cm™) for the investigated Schiff-B inhibitor.

B3LYP/6-31+G(d) Obs. (this study)®
Ui Fundamental® j
' Unscaled izfld IR 5>  Raman ,of IR jia Raman
o 602 25
U2 24.2 721
. ) &
# Vo Vas CHaromatic 3228 3132 203 304 (3130w)
n 165 371
1 VasCHar 3200 3104 b 367
Vs o 303
2 = e . (3081m)
7 20. 26.
—08 Vas CHyr. 3169 3074 6.2 110
I v,(CHy) 3149 3054 — o4 2 0w
V1o 61.2 195 3021w
v 21 29 (B02¥%)  —poomv
11 3 Py
oL CH 3137 3043 T
V12 Vas (CHs) 21 30 2970vw
U13 Vas (CHy) 3083 2087 81.5 Ia (2921s) -
U14 48.9 96.6 2938sh, vw
U1s 50.4 94.5
-l 2 292
— Vas (CH3) 3072 2979 309 121 (29215s) (2914w)
U17 31.1 120
U1s Vas (CHp) 3060 2968 ia 60.7 - 2914w
U19 97.1 Ia (29215s) -
o v/ va(CH) 3035 2944 ia 301 - 2866sh,vw
U21 17.5 0.01 (29215) -
U22 vs (CHp) 3025 2934 ia 383 - 2866sh, vw
U23 80.5 403
U24 160 203
—— CH 3000-2991 2910 2
53 vs (CHs) 5t = (2826s)  (2830w)
U26 86.1 132
U7 Vas (CHotefine) N=C-H 5 222 0.1 2826s .
2970 2881
U2s Vs (CHo ) n=c-H 0.131 212 - 2830w
U29 103.9 63.8 2826s
— C 2947 2858 -
U3 % (CH) 314 211 -
U31 vs (C=N) 1720 1685 ia 3307 - 1638vs
U32 Vas (C=N) 1718 1683 362.7 0.01 (1610vs)
U33 0.01 73210
U34 v C=Cy 894 0.02 (1607vs)
—— 1660 1626 1610v
s 2 T i
V36 . 69 - _4.8 -
U37 1.3 152
—m 0 C 1570 1507
= o CHix = T 1523vs  (1528w) |
U3y 0.05 80.0
V40 96.3 Ia
01t 0as CHs 1540 1478 35 6.6 (1463sh,w) (1463m)
Vg2 42 5.6
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285

Table 2: Continued.

Ui

Fundamental?

B3LYP/6-31+G(d)

Obs. (this study) ¢

Fixed

Raman

b .
Unscaled Scal IR Int. act e IRsolid Raman
_ U3 5 Sciss CHa 1524 1463 1;56‘12 3::‘ 1
z““ 39 3 (1463sh,w)  (1463m)
45 . .
- as CH 151 14
V4 s CH 516 35 15.5 28.9
V47 8 Sciss CH» 1509 1448 ia 58.6
—5“8 8as CHs 1508 1447 ‘1“ ; 3?
49 . .
vs0 § Sciss CH, 1506 1445 9.6 la (1438s) (1421w)
Us1 0.3 20.9
s CH 11 1 1444
Vs ds CH3 (umbrella) 505 25 5 0.07
Us3 _ 1.3 64.3
o V CCarring 1479 1419 317 57 (1409sh,w)
Uss 8s CH; (umbrella) 1463 1404 0.2 83.8 (1379w)
Us6 16.3 1.2 (1354vs)
Us7 _ 0.1 118 1353w
e 8ip C-Ha. 1426 1369 134 08 e
Uso ia 79.9 1340w
7060 o wag (y) CH, 1400 1400 237 la —
V61 3.0 135
v v C-N 1390 1362 645 06
V63 2.6 5.5
e v CClarr 1372 1344 3128 04
Ugs 8 wag (y) CHa 1362 1362 ia 14.0 (1300sh.5) (1311w)
Us6 130 la 1286sh,w
T 6ipCHar. 1350 1296 "
V67 1a 212
Ues 2.1 la
Uso 5. CH, 1318 1265 ia 64.5
70 ia 171
v71 63.8 3.8
o7 v (C-N)me 1277 1226 34 a1
U3 9.9 0.2 (1234s) (1241m)
o 8 wag (y) CHa 1272 1227 338 001
U5 8iyCHar, 1271 1220 ia 296
U6 8.CHa 1219 1170 225 0.01
v 8iyCHar, 1217 1168 ia 616.5
U8 5. CH, 1211 1162 46.5 la (1172vs) (1180s)
U9 . 0.1 17.4
Va0 p CHj3 (rocking) 1202 1145 691 0.04
Us1 p CH; (rocking) 1171 1124 ia 1.2
0. .
Us2 5, CHar 1160 113 7 1.4 (1117sh,w)  (1088w)
Us3 0.7 1.5
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Table 2: Continued.

Fundamental?

B3LYP/6-31+G(d)

Obs. (this study) ¢

Fixed

Raman

b .
Unscaled Scal IR Int. act IRsolid Raman
Vss 12.0 55.3
. 107. .
Uss p CH; (rocking) 1150 1104 07:5 3.7 (1117sh,w)  (1088w)
Uss 0.8 1.7
Vg7 0.8 1.7
Uss v CCliiphaic 1102 1058 ia 30.0
Vg9 . 45.5 0.03
Voo p CH3; (rocking) 1088 1044 20 0.6 _
Vot vC-N+vCCq 1064 64.2 la (1058sh,m)
g2 v CCa. 1062 1011-1042 ia 52.0
Vo3 vC-N+v CCa 1032 ia 106.1
vos 1025 984 18.8 la
Vo5 1.4 ia
o, Soop C-Ho, 1022 981 = 216 (1003w)  (1000w)
Vg7 999 959 ia 21.0
Vos 13.6 ia
- So0pCHar. 995-980 955-940 1.1 ia (1003w)  (1000w)
U100 ia 9.4
U101 v C-Nme + 8ip ring 19.2 18.8
4 4 4
- ot 966 946 200 90 (943m) 943vvw
p CH; (rocking) + 9 .
53 914 1.7 1a
U103 SoopCHar. 914vvw
ia 5.0 -
viod SoopCHar. 946-939  908-901 . 893w
U105 2.9 ia
0106 vs C=Cring 879-869  851-844 a 30.5 868sh,w  863m
0107 breathing 4.9 ia
52.4 0.4
e Bo0pCHar 45.0 0.4
U109 833-810 799-777 = ' 809s (809w)
U110 p CH, + v, C=C ia 4.1
V111 ring breathing 18.6 ia
0112 . ia 6.7
-~ p CH; (rocking) 53 ia
U114 753-734  732-704 1 >9.7 (733sh,m)  (7365)
U115 5 . def 6.0 1a
U116 oop TINE €€ 1.2 ia
U117 ia 5.0
U118 2.2 ia
U119 &, ring def 605-653 580-626 la 12.6 594m 634m
U120 i FINE € 25.9 ia
U121 ia 0.5
U122 3.0 ia
U123 Soop ring def 534-547 512-525 ia 0.4 (516m) 540w
U124 37.0 la
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Table 2: Continued.

Ui

Fundamental?

B3LYP/6-31+G(d)

Obs. (this study) ¢

Fixed

Raman

b .
Unscaled Scal IR Int. act® IRsolid Raman
U125 Oip ring def. + la 4.2
U126 OC:NChe 480-506 460-485 11.5 ia (516m) 476sh,w
V127 8 C22C26N39 la 5.1
S CCN+5C-
U128 N=C+ SCCCalchain 448 448 la 3.6 451 Sh,VW
SCMeNCMe -
U129 5C,NCae 445 445 1.8 ia -
U130 ' la 0.4
U131 BoopCCCring 2.7 ia
U132 381-435 365-417 la 8.1 398w
0133 Soop ring def 9.6 ia
V134 9.7 ia
U135 dip C1CsCy 375 375 la 2.6 (330w)
U136 332 318 la 1.4 (330w)
V137 Boop C-N 16.7 ia -
U138 la 3.5 R 266vvw
1.4 i
7:;139 T torsion CHj3 14 018 5 -
140 . .

— 298-188 298-188 _—
U141 0.01 11.9 247Tvvw
V142 la 2.4

— 2%y C=N-C +y N=C- .

N C+1 CHs 5.0 a (222vvw)
U144 la 5.1
U145 13.8 ia
U146 3.8 la
V147 la 5.0
U148 & twist +y C-C-N 182-101 182-146 la 8.5 (124w)
U149 6.9 la
U150 7.6 0.3
U151 1.0 1.3

* Notations for fundamentals: s, symmetric; as, antisymmetric; ip, in-plane, oop, out-of-plane, v,
stretch, 9, bending; p, rocking; v, wagging and t, torsion,

b Calculated infrared intensities in km/mol from B3LYP/6-31+G(d).

¢ Calculated Raman activities in A*amu. from B3LYP/6-31+G(d).
4 Current study (vs; very strong, s; strong, m; medium, w; weak, vw; very weak, and sh; shoulder; r,
ring; Me, methyl; ol, olefinic; ar, aromatic; a, active; ia, inactive; al, aliphatic; alchain, aliphatic chain.
11 fundamentals below 100 cm™ were not included, it is beyond our Raman & spectrophotometer limits.

4, Conclusion

IR and Raman spectral measurements of the
synthesized Schiff-B were found consistent
with the computed harmonic vibrational
frequencies using DFT B3LYP/6-31+G(d).

Aided by Normal coordinate analysis
employing the atomic displacements in
Cartesian  coordinates, the  proposed

Egypt. J. Chem. 66 No. 9 (2023)

vibrational assignments herein are nearly
comprehensive, confident, and trustworthy.
A slightly distorted symmetric molecule
with an inversion center is preferred by the
estimated Raman  activity, infrared
intensities, and  IR/Raman  spectral
observations.



288

e Spectroscopic analysis and calculated
structural characteristics pronounce that both
aromatic rings retain their aromaticity.
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