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The current paper provides a theoretical and experimental coupled study of synthesized N-octanoyl glycine and
N-oleoyl glycine. The derivatives were characterized using nuclear magnetic resonance (*H and '*C NMR), liquid
chromatography-mass spectrometry (LC-MS), Fourier-transform infrared (FT-IR), and ultraviolet-visible
(UV-Vis) spectroscopy. The resulting N-acyl glycines were assessed for their in vitro antimicrobial activity. The

experimental investigation is supported by a linear and nonlinear optical study based on DFT levels and shows
that our glycine analogues get moderate hyperpolarizability (5). The g results of these glycines are of moderate
amplitude, like those of amino acids. For this, several procedures have been discussed for achieving these g

values.

1. Introduction

The chemistry of lipoaminoacid derivatives has undergone spectac-
ular development in recent years at both experimental and theoretical
levels. Lipoamino acids, also named N-acyl amino acids which are fatty
acids conjugated to amino acids such as alanine and glycine [1]. Up to
now, the literature describes various methods for producing amino acids
[2-4], and the predominant method employed in industry for producing
those surfactants is based on applying the Schotten-Baumann chemical
and unselective reaction [3]. They are widely distributed in microor-
ganisms, highly biocompatible and have minimal toxicity. Lipoamino
acids have attracted much attention due to their potential use in biology
[4]. Due to their structural resemblance to endocannabinoids, an
endogenous signaling system involved in metabolism, cell proliferation,
hunger, and neuro-modulatory effects, they have been discovered in
mammalian species and have sparked renewed scientific interest [5].
Numerous biological processes [6], including bone mass and remodeling
[7], anti-inflammatory properties [8], inhibition of cell proliferation,
calcium ion mobilization [9], and brain protection, have been linked to
lipoamino acids [10]. N-acyl amino acids as part of a family of bioactive
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lipids have exerted various roles in the construction of newer entities
with better therapeutic effects and pharmacological profiles such as
antihypertensive [11], anti-leishmanial [12], neuromodulators [13],
anti-Parkinson [14], biostatic additives [15], antiproliferative [16],
mucolytic [17], anticancer [18], antiulcer [19], enzyme inhibitors [5],
analgesic [20], antifungal [21], antidepressant, and monoamine oxidase
inhibitory activities [22]. Furthermore, a considerable number of these
functional surface-active molecules spread throughout the literature,
like softeners in soap manufacturing detergents and wetting agents. In
addition, N-acyl amino acid surfactants derived from different vegetable
oils, such as castor and cottonseed oil, have significantly influenced the
interfacial properties [23]. Renewable amino acid-based surfactants can
be identified as cleaning agents, and we noticed a terrible rise in their
use during the coronavirus pandemic. These surfactants played a
remarkable role in reducing the occurrence of infections and health
risks. Natural biological fatty acids have an antibacterial impact on
many bacteria [24]. Additionally, it has been claimed that fatty acids
have broad-spectrum antibacterial effects with potencies on par with
some naturally occurring antimicrobial peptides [25]. Long—chain un-
saturated fatty acids are said to be more potent in general than saturated
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fatty acids with the same chain length. Furthermore, a considerable
number of those derivatives versus conventional fatty acids spread
throughout potent thermogenic uncouplers in cells and mitochondria
[26]. This efficiency was confirmed by examining the affinity of
arachidonate vs N-arachidonoyl-glycine and oleate vs N-oleoyl-leucine
in cells and mitochondria. Over the past few years, a substantial amount
of work has gone into investigating N-acyl amino acids as a model
protoamphiphilic system and outlining their interest in generating
robust [27]. Acylated amino acids have been widely used as an efficient
amino acid ligand-assisted Pd-catalyzed C-H activation of tethered
arenes [28]. During a study on recently synthesized N-acyl sarcosines
tested for corrosion protection by polarization and weight loss, Kaskah
et al. [29] indicate that compounds present variations on the sarcosine
carbon chain and are tested in 0.1 M NaCl as a protective barrier for
low—carbon steel in salt water. These substances acting as mixed-type
inhibitors with beneficial electronic properties have been vigorously
explored in recent years [30]. In the contribution of Giinay et al. [30],
the authors have investigated the NLO behavior by the determination of
the dipole moment, polarizability, and first-order hyperpolarizability of
the N-acetyl-DL-methionine which is a derivative of the DL-methionine.
The results showed that the hyperpolarizability values for this similar
compound are higher than the urea and para-nitroaniline (pNA), which
are well-known prototypical NLO materials. They highlighted frontier
molecular and neighboring orbitals using the DFT methods with the
6-311 + G(d,p) basis set. The HOMO-LUMO energy gap results reveal
that this molecule has the highest kinetic stability. Moreover, Farhan
and co-workers [31] have performed DFT calculations to calculate
various physicochemical descriptors of two similar fatty amides:
hydroxamic fatty acids and fatty hydrazide hydrate. The authors showed
that the ability of these chemicals to receive electrons is a prerequisite
for antibacterial activity. In this study [31], the antibacterial properties
occurred at regions with molecules having the highest softness and
lowest hardness. Soft molecules are more readily available for the show
features because they have a lower energy gap than complex molecules.
In the same context, another study [32] shows the importance of the
amide bonds contained in our Lipoaminoacids for designing new NLO
materials. In addition, N-acyl amino acids have been used as ligands
[16] to synthesize europium amino acid complexes (Eu
[CH3(CH2CH2),CONHCH(CH3)COO]3, which had good absorption ca-
pacity in the range of 200-300 nm. Other Studies [33,34] show that the
formation of oligomers containing these units might achieve very large
responses for similar N-acyl glycine derivatives, which get moderate
hyperpolarizability. This further corroborates that these materials
possess the required characteristics for NLO applications. The optical
and nonlinear optical activity of amino acids [35,36] and organic
compounds has been shown in several studies [37-47]. This work aims
to synthesize, characterize, test invitro antimicrobial activity, and
analyze the polarizability and first-order hyperpolarizability of two
lipoamino acids, which should be biodegradable, non-toxic, and inex-
pensive. The procedure was performed using a previously reported
synthesis [48,49]. We performed theoretical calculations of the linear
(dipole moment and polarizability) and NLO (hyperpolarizabilities /)
responses. For 5, we are interested in the electric field-induced second
harmonic generation, hyper-Rayleigh scattering, and the total hyper-
polarizability g,,. We also investigated the frontier molecular orbitals
(HOMO and LUMO), their energies, their location, and the nature of
these orbitals. The outcomes from this study will be useful for disclosing
the structure-properties relationship and provide insights into the
nonlinear optical properties of N-octanoyl glycine (P1) and N-oleoyl
glycine (P2). This study will provide guidance on the rational design of
new materials with potential properties for NLO and optical devices.
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2. Experimental
2.1. Reagents

Oleic chloride (85 %), octanoic chloride (99 %), glycine (99 %),
sodium hydroxide (>99 %, pellets), hydrochloric acid (36.5-38 %),
ether (>99.5 %), distilled water was used in the synthetic experiments,
was performed out by WATER DISTILLER WRZ-100 rated frequency 50
Hz, rated voltage AC220-240 V, and all other chemicals were obtained
from Sigma-Aldrich (Prochima, Tlemcen, Algeria) and were used
without further purification. For biological analysis, all chemicals, sol-
vents, and culture media for the antimicrobial evaluation (Nutrient agar,
Nutrient broth, Mueller Hinton) used in the present work were obtained
from Sigma Aldrich. (Prochima, Tlemcen, Algeria).

Antimicrobial activity of P1 and P2 were evaluated against patho-
genic strain of bacteria, namely, Bacillus subtilis subsp. spizizeniiATCC
6633. It was obtained from the bacteriology laboratory of Pasteur
Institute of Oran « Oran, Algeria».

2.2. Instruments and measurements

Structural characterization was performed using readily available
analytical methods, including UV-Vis spectroscopy, H, 3¢, NMR, FT-
IR, and LC-MS. UV-Vis spectroscopy: was carried out by GENESYS
10S UV-Vis spectrophotometer using a 10-mm quartz cell operated at
room temperature. 'H and '3C NMR spectra in DMSOdg, solution were
recorded on a BRUKER AC 300P (300 MHz) spectrometer. The IR ana-
lyses were carried out on a JASCO4200 Fourier transform IR
spectrometer.

Melting point: a Kofler bench was used to determine the melting
points for products with a melting temperature below 260 °C.

LC-MS: identification was performed out by electrospray on HPLC
waters ALLIANCE2690.

2.3. In vitro antimicrobial activity

The synthesized P1 and P2 were examined for their in vitro antimi-
crobial potential against a Gram—positive bacterial strain Bacillus subtilis
subsp. SpizizeniiATCC 6633. The disc diffusion method was modified
slightly to assess antimicrobial activity [50].

2.4. Bacterial suspension

The bacterial strain was revivified overnight at 37 °C on Nutrient
agar in Petri dishes. The bacterial suspension was prepared for the assays
by inoculating 3-4 colonies from the agar plate culture into 10 ml of
Nutrient broth and then incubated at 37 °C after 24 h of incubation; the
bacterial suspension was standardized to 108 CFU/ml using the 0.5 Mc
Farland turbidity standards.

2.5. Disc diffusion method

A sterile cotton swab spread the bacterial suspension on Mueller
Hinton plates. Whatman No.3 sterile filter paper discs (diameter 6 mm)
were impregnated with sterile dilutions of P1 and P2 (10, 20, and 30
mg/ml) initially prepared in DMSO following that, the plates were
incubated for a day at a temperature of 37 °C. The findings were stated
in terms of inhibition zone diameters. All tests were performed in trip-
licates. Dimethylsulfoxide (solvent) was utilized as a negative control
against bacterial strain. Gentamicin was used as a positive control to test
the sensibility of the bacteria.

2.6. General procedure for the preparation of N-acyl glycine

The glycine (13.3 mmol, 1 eq) dissolved in an aqueous NaOH solu-
tion (13.3 mmol, 1 eq) is added to fatty acids chloride (1.3 mmol, 0.1
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eq); the reaction is left under magnetic stirring for 2 h, then the potential
of hydrogen of the solution is adjusted to pH = 3 by adding HCI. The
resulting products were washed with water and then with ether. The
synthetic approach depicted in Scheme 1 below was followed for the
construction of P1 and P2.

2.7. Spectroscopic data of P1

P1 a crystalline solid. Mp 98 °C (degradation) yield: 93.23 %; 'H
NMR (300 MHz, DMSOde/TMS) & ppm: 0.85 (t, J = 7.3 Hz, 3H,
CH5—~(CHy)4-), 1.12-1.31 (m, 8H, CH3-(CH2)4-), 1.47 (t, J = 7.3 Hz, 2H,
—-(CH3)4—CH2-CHy), 2.09 (t, J = 7.4 Hz, 2H, -CH,—CH»-CO), 3.70 (d, J
= 5.9 Hz, 2H, -NH-CH»-CO), 8.11 (t, J = 5.9 Hz, 1H, CO-NH-CH,-CO)
(Fig. S2).

13C NMR (75 MHz, DMSOde/TMS) 8. ppm: 14.44, 22.54, 25.66,
28.95, 29.02, 31.66, 35.51, 40.95, 171.96, 173.08 (Fig. S3).

MS (ESH): m/z202.4 [M + H]*, 224.4 [M + Na] +. As seen in Fig. S5
of the LC-MS spectrum of P1.

IR (Vmax, cm !, KBr, solid): voy = 3303.83 cm™! vy = 2918.59
em ! veoo = 1694.95 em ™! veony = 1638.87 em ! (Fig. 54).

UV-visible: UV-Vis spectroscopy of P1 shows the presence of two
bands (Fig. S1).

Band 1: it appears around 280 nm, it corresponds to the transition n
— 0¥,

Band 2: it appears around 315 nm, it corresponds to the transition n

- [,
2.8. Spectroscopic data of P2

P2 is a crystalline solid. Mp 88 °C (degradation) yield: 63.63 %; 'H
NMR (300 MHz, DMSOdg/TMS) & ppm, 0.84 (t, J = 7.3 Hz, 3H,
CH3-(CH3y)e), 1.12-1.38 (m, 20H, CH3—(CH3)e-CH-CH =
CH-CH,—(CH)4~CHj-), 1.48 (p, J = 7.1 Hz, 2H, ~CH,~CHy-CH,-CO),
1.98 (q, J = 6.2 Hz, 4H, -CHo-CH = CH-CHy-), 2.14 (dt, J = 23.5, 7.4
Hz, 2H, -CHp—CH2-CO), 3.71 (d, J = 5.9 Hz, 2H, -NH-CH»-CO0), 5.32 (t,

= 4.9 Hz, 2H, -CH,-CH = CH-CHy), 8.11 (t, J = 5.9 Hz, 1H,
CO-NH-CH2-CO) (Fig. S7).

13C NMR (75 MHz, DMSOde/TMS) 8. ppm: 14.41, 22.59, 25.00,
25.66 27.04, 27.09, 29.05, 29.09, 29.19, 29.33, 29.54, 29.59, 29.61,
31.77, 35.50, 40.96, 130.08, 130.13, 171.95, 172.99 (Fig. S8).

MS (ES™): m/2 340.4 [M + H]*, 362.4 [M + Na] . As seen in Fig. S10
of the LC-MS spectrum of P2.

IR (Vmax, cm ), KBr, solid): voy = 3298.64 cm™! vcy = 2913.56 cm ™!
Veoo = 1695.43 ecm ™! veonn = 1640.80 cm ™! (Fig. S9).

UV-visible: UV-Vis spectroscopy of P2 shows the presence of three
bands (Fig. S6).

Band 1: it appears around 280 nm, it corresponds to the transition ©
- .

Band 2: it appears around 301 nm, it corresponds to the transition n
— o*.

Band 3: it appears around 312 nm, it corresponds to the transition n

- TE?‘:'
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2.9. Computational details

The optimized geometry of P1 and P2 have been performed at the
B3LYP/6-311 + G(d,p) using Gaussian 09 [51]. The 6-311 + G(d,p)
gives accurate results for these kinds of compounds [30]. Fig. 2 and
(Tables S1 and S2) present the optimized geometries and coordinates.
The structures and molecular orbitals have been visualized using
GaussView 5.1 [52]. The dipole moment y, isotropic polarizability (a),
anisotropy of the polarizability Ae, first order hyperpolarizability g,
hyper-Rayleigh scattering (HRS) hyperpolarizability pygrs, electric

T 1 T T
—— Tauc plot

0.20 |-

(ahv)*(eVem™)?

Eg=3.83eV

34 3.6 3.8 4.0 4.2 4.4

Energy (eV)

Tauc Plot

(ahv)z(chm'1 )2

Eg =4.25eV

25 3.0 35 4.0 45
Energy (eV)

Fig. 1. The absorption spectrum of P1 (upper panel) and P2 (lower panel) as a
function of the energy.

Scheme 1. The synthesis of P1 and P2.
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Peisiaiy,

P1

Sy, apih

JJ

Fig. 2. The optimized structure of P1 and P2 obtained using the B3LYP/6-311 + G(d,p) level.

field-induced second harmonic generation (EFISHG) f,,, and the de-
polarization ratio DR are evaluated applying the B3LYP [53,54], PBEO
[55], BVP86 [56,57], ®@B97X —D [58] and M06 —2X [59] levels using
the 6-311 + G(d,p). Recent work demonstrates the appropriateness of
the corrected XC functionals to predict a and g [60]. For medium-sized
molecules similar to our N-acyl glycine derivatives, the DFT is usually
considered a good choice to calculate a [30]. In the EFISHG, the g 1/ is
the central quantity, the vector component of 3 projected along y axis,

Hi
ﬁ//( 20,0 a)) ﬂ// 52‘ Z ﬂ’rr+ﬂjlj+ﬂ//t) 1
In the static limits, the component f;; = f;; = f;;
and so,
Z (@)
l X, 7| I't I

|'#|: the norm of u

u; and p;: the ith components of y and f vectors.

In HRS, DR was also calculated. For a non-polarized incident signal,
and for the reason that both polarizations are detected with equal
sensitivity, the orientational average over f is

|ﬁHRS‘ = \/sz5> = \/(ﬁ;;;) + <ﬂ§xx> 3
and

w 2
or B ) @

Iy (Boxx)

The (f%,,) and (f%) are orientational averages of f components,
describing the HRS intensities when the incident light is vertically or
horizontally polarized, respectively. The (f2,,) and (f2) are calculated
as [61]:

XV,2 X.Y,Z
<ﬂZZZ Z ﬂCeZ + 352#;}4&1 352#y,ﬂiliﬁ§w 352#,7'6?1%/}407

XV, XV,

4 vz K 4 ;
+EZ;¢”'B§¥'B’W§+3525#”ﬁn§( +ﬁz:#v#gﬂzg’lﬂvéé + 10525#7%5 'ls('b)'/éé
4 X.y,Z X,y,Z
+ﬁzé#n#ﬂ cnPeen 1oszz¢n#sﬁ te

4 XY,z
+RZC%n%sﬁ tnePnce
()

1 XY,Z 4 XY.Z 2 XY,Z
2\ 2
(Bxzz) = Ezz e +ﬁ25¢qﬁéﬁﬂ§"” B gz;ig,,ﬂsésﬁml + 1052#,,&{*7

3 X, V52 2 2 X, V.2 X V.2
+352cnPom =352 e Peabic +3 52#,,%»/3:“

2 X,y,Z 2 S 4 XY,2
B @Z#,,#ﬂ cnPee + Ezmﬂﬂ tne ﬁ cmpPanPce 6)
3. Results and discussion

3.1. Antimicrobial activity

The results obtained on antimicrobial evaluation of the synthesized
compounds are presented in Table 1.

The antimicrobial activities of the N-acyl amino acids prepared in
this study were evaluated against pathogenic organisms, Gram positive
and catalase positive bacterium. Bacillus subtilis subsp. spizizeniiATCC
6633 was utilized to study the ability of P1 and P2 at 10, 20, and 30 mg/
ml concentration to inhibit microbial growth. The bacterial species were
incubated overnight at 37 °C on nutrient broth. P1 and P2 exhibited a
good level of activity against the tested organisms. Table 1 shows the
activity of P1 and P2 against the Bacillus subtilis subsp. SpizizeniiATCC
6633.

Observing the overall data for antimicrobial activity, for P1, there is
a progressive decrease in inhibition zones with increasing concentra-
tion, going from 10.25 + mm at 10 mg/ml to 8.25 + mm at 20 mg/ml,
and further to 7 £ mm at 30 mg/ml suggests potential concentration
dependence, where higher concentrations might reduce the inhibitory
effect. The bacterial growth is unaffected or even stimulated by the in-
crease in concentration, and This could be due to several factors: the
inactivation property of this type of bacteria by an enzyme that degrades
the synthesized compound and reduces its effectiveness, the saturation

Table 1
Antimicrobial evaluation of P1 and P2 after 24 h, with means of inhibition zones
+ sd.

Bacterial strain Bacillus subtilis subsp. spizizeniiATCC 6633

Compounds Inhibition zones diameter (mm)
10 mg/ml 20 mg/ml 30 mg/ml
P1 10.25+ 8.25+ 7+
P2 7.33+ 8.16+ 11.5+
Negative control (DMSO) 6.5+ 6.5+ 6.5+
Positive control 25+ 33.5+ 25+
(Gentamycine)

NB: Inhibition zones are including the disc diameter (6 mm).
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of the active sites on the bacterial cells, and the adaptation of the bac-
teria by developing resistance mechanisms to increase their ability to
eliminate the chemical compound. Also, B. subtilis can split symmetri-
cally to make two daughter cells or asymmetrically, forming a tough,
single protective endospore at times of nutritional stress and allowing
the organism to persist in the environment until conditions become
appropriate. Bacterial growth can also be affected by environmental
parameters such as pH, salinity, and temperature [62,63]. These effects
remain the characteristics and the action mechanisms of P1 and P2,
which determine their effectiveness against bacteria and provide the
best strategy to prevent bacterial resistance. In contrast, for P2, the re-
sults showed an interesting variation. At 10 mg/ml, the inhibition zone
is 7.33 + mm, increasing to 8.16 + mm at 20 mg/ml and reaching a
maximum of 11.5 + mm at 30 mg/ml. This significant increase at the
highest concentration implied potential positive concentration depen-
dence, indicating that the inhibitory effect of P2 might be favored at
higher concentrations. Comparing the two compounds, at the highest
concentration (30 mg/ml), P2 exhibited a larger inhibition zone than P1
(11.5 + mm compared to 7 + mm), suggesting that P2 could have a
stronger inhibitory effect at this specific concentration.

The apparent differences in P1 and P2 inhibitions depended on the
length of the fatty chain, the mode of attachment of the amino acid, and
the position of the acid function. The inhibitory impact seen may be
attributed to the presence of amide linkages, wherein a stronger
hydrogen connection links the -NH group of the amino acids and the
oxygen of the fatty moiety, which could potentially lead to an increased
rate of antimicrobial activity. The phenomenon referred to as the
hydrogen belt effect plays a role in the hindrance of antibacterial ac-
tivity [15]. As expected, antimicrobial action was strongly correlated
with the long-chain N-acyl amino acid, which is more potent than short-
chain N-acyl amino acids [24]. Loss of effectiveness could occur if the
fatty acid chain is too short and the lipoaminoacid interacts unfavorably
with components of the bacterial cell membrane. These findings are in
accordance with our study’s results and previous studies [64,65]. Ac-
cording to Storck et al. [66], the modification of synthetic antibacterial
peptides Pep19-4LF with lengthy fatty acids can be a tool for improving
the characteristics of antimicrobial peptides. Furthermore, Sreenu et al.
[67] illustrate that the sodium N-palmitoyl amino acids synthesized
using the Schotten-Baumann reaction with 16 chain-length carbon
atoms exhibited good antimicrobial efficacy against S. aureus MLS-16
and Bacillus subtilis. Other researchers [15] have reported that the N-
Stearoyl amino acids with 18 chain-length carbon atoms may be more
potent against different bacterial strains such as Staphylococcus aureus,
Micrococcus luteus, and Bacillus cerceus, Escherichia coli and Pseudomonas
aeruginosa, and the yeast Candida albicans. Another approach [68] has
dealt with long-chain N-acyl amino acid antibiotics isolated directly

Table 2
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from soil samples and found that C13 to C16 saturated and unsaturated
N-acyl substituted L-tyrosines were the most active against B. subtilis. In
line with these findings, and in our study, for high concentrations (30
mg/ml), P2 with a lengthy fatty chain (C18) and one unsaturation in the
carbon backbone showed higher (11.5 + ) antimicrobial activity
compared to P1 with short-chain fatty (C8) (7 £ ).

3.2. Linear and NLO results

3.2.1. Dipole moment

The u of a molecule refers to its electrical response feature, which
arises due to the uneven distribution of charges among the atoms of the
molecule [69]. Table 2 presents the variations in y values for our N-acyl
glycine derivatives, determined by the utilization of five different DFT
functionals at the 6-311 + G(d,p) basis set. 4 and (a) were evaluated
utilizing ®B97X —D, B3LYP, PBEO, M06 —2X and BVP86 levels. The
calculated p values of P1 vary between 2.47 and 2.49 D, whereas y of P2
varies between 2.43 and 2.46 D. Inspection of Table 2 shows that the u
values are convergent, as the value of p increases, there is an associated
increase in a value. Additionally, when p is high, the same relationship
holds true, and therefore (a) is high. P1 possesses a high u. In turn, P2
has the highest (a). An accurate analysis of these results shows that the
PBEO and BVP86 functionals give the highest u value. Whereas, the
B3LYP, ®B97X —D, and MO06 —2X exchange-correlation (XC) func-
tionals show systematically smaller u values. PBEO, BVP86, and
MO06 —2X show similar y (less than 1 %) for P1, while we have gotten the
subsequent variations. For P2, and compared to PBEO functional as a
reference: 0.4 % for BVP86, 1.21 % for (B3LYP,
MO06 —2X and ®B97X —D). The obtained u results indicated that our
derivatives P1 and P2 have reasonably good NLO behavior. The u values
are very convergent. N-acyl glycine derivative P1, with short-chain fatty
(C8), has a larger y of 2.49 D compared to P2 (2.46 D), which has a
lengthy fatty chain (C18). The calculated y values show high polarity for
P1 compared with P2, indicating a reasonable NLO behavior. In the case
of P2, where the bridge length increases, there is a relative decrease in
the observed u values (Table 2). The ordering of y values is as follows:

HesLyp < Hoporx—p < Hpseo < Havess < Hmos—2x

Hpzy < Hp;

To make an accurate assessment, we have compared our results with
experimental values for a similar compound, N-acetyl-DL-methionine,
and with the urea [70] and p-nitroaniline [71] reference molecules. A
direct correlation has been obtained between the biological activity and
the dipole moment. Our analysis demonstrates that the most important
factors that affect the antimicrobial activity are the descriptors like

s (@), Aa, By B> Purss and DR for P1 and P2 obtained using five DFT approaches at the 6-311 + G(d,p) basis set. Comparisons with experimental and the B3LYP/

6-311 + G(d,p) results.

1 (@) Aa /3// Prot Purs(DR)
B3LYP P1 2.47 136.21 59.65 23.30 78.54 35.11 (3.72)
P2 2.43 259.66 122.92 43.89 111.12 44.86 (5.47)
2.01° 62.08 ° 10.62 ° 250.66 *
PBEO P1 2.49 142.70 67.54 72.77 154.23 58.48 (4.68)
P2 2.46 271.10 136.64 109.51 207.62 82.06 (5.94)
BVP86 P1 2.49 142.11 66.69 66.98 144.90 63.21 (3.09)
P2 2.45 270.33 135.45 106.63 203.05 80.82 (5.83)
®B97X-D P1 2.47 133.25 54.88 -3.17 71.76 34.20 (3.48)
P2 2.43 254.32 114.55 15.62 110.49 45.88 (4.94)
MO06-2X P1 2.49 132.01 54.39 -3.06 69.60 34.14 (3.30)
P2 2.43 252.60 114.86 13.32 101.09 44.15 (4.35)
4.56" 43"
6.2°¢

@ [30] Results for similar compound obtained at the B3LYP functional.
b [70] Experimental values for urea.
¢ [71] Experimental values for p-nitroaniline.
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HOMO, LUMO, and p [72]. The results indicated that P1 with the
highest p values exhibits a strong inhibitory action, whereas the effec-
tiveness of P2 with the lowest p values against bacterial growth. A
similar assessment has been showed in a recent study [73]. The bio-
logical activity of lipoaminoacids increases with the decrease of y, E,, as
well as the increase of their polarizabilities. Our results support the
previous findings [72,73], which show that compounds with lower 4 are
more potent than compounds with a higher y, indicating that the dipole
moment is not solely responsible for modulating the biological activity.
Other parameters, such as hydrophobicity, hydrophilicity, cell perme-
ability, and cell membrane interaction, can also affect the activity [73].

3.2.2. Polarizability
(@) was calculated using x;; components by the formula

1

<ll> = 5 (a.u +ay, + a:z) ()

and Aa by the formula:

Aa = \/% {((C{“ — Ofy,\‘)Q + (O — azz)z + (a)i" - aZl)z) } ®

The computation was performed using multiple DFT approaches at the
6-311 + G(d,p) basis set. Table 2 exhibits @ and f values of P1 and P2.
Examining Table 2 reveals that () increases gradually when passing
from the B3LYP, M06 —2X, and ®B97X —D functionals to PBEO and
BVP86 levels. There is relatively little difference in (a) and Aa between
the corrected functionals BVP86 and PBEO with comparison to the re-
ported variations among the other DFT approaches under investigation.
The high (a) value of P1 is achieved with the PBEO. Its value equals to
142.70 a.u. The same trend is observed for P2, where the calculated (a)
value equals to 271.10 a.u. at the same PBEO level. This is commensu-
rate with the work of Adamo et al. [55], who assert that the PBEO is
probably the best functional currently available for a calculations.
Furthermore, exposed research [73] demonstrated that the PBEO exag-
gerates (a) for forty—six chemicals. The same assessment has been ob-
tained by Paidarova et al. [74]. A similar observation was seen in the
study conducted by Sabirov [75], which showed the accuracy of the
PBEO model to reproduce the a values of Cg. So, the same finding was
obtained in this study. a values for both P1 and P2 follow the ordering:

(@) mo6-2x < (@) wB97%-D < (a) B3LYP < (@) BvPSs < (@) PBEO
Aa mos-2x < A oBo7x-D < A B3LYp < Ad Bypgs < Ad pBEQ

When comparing (a) values obtained with the PBEO functional as a
reference with that obtained with different computational levels for P1,
the deviations obtained are 0.49 % for BVP86, ~5% for B3LYP, 6.62 %
for ®B97X —D and 7.49 % M06 —2X. For Aa, we obtain the following
deviations: 0.29 % for BVP86, ~4% for B3LYP, ~6% for ®B97X —D,
and ~ 7 % MO06 —2X functional. The polarizability values of P2 are
computed to be greater than that of P1, the a does not show a significant
effect of the length of the fatty chain. The highest calculated (@) and Aa
polarizabilities were found to be 271.10 and 136.64 a.u for P2, i.e., ~5
and ~ 13 times higher than the urea [70], respectively. Whereas the
computed high values of (@) and Aa were found to be 142.70 and 67.54
a.u for compound, which are ~ 3 and ~ 7 times higher than urea [70].
The same assessment was obtained in varying proportions with the
standard para-nitroaniline (pNA) [71].

(o) P2 > (a) P1
Ao P2 > Aa P1

3.2.3. Hyperpolarizability

The p parameter provides indications regarding the optical nonlin-
earity exhibited by the molecular system and is typically associated with
the intramolecular charge transfer. /3, and firs of P1 and P2 have been
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Fig. 3. fygs and f3;, of P1 (upper panel) and P2 (lower panel) calculated using
five functionals with 6-311 + G(d,p) basis set.

computed at different DFT approaches (PBEO, B3LYP, ®B97X —D,
BVP86, and M06 —2X). The obtained results are regrouped in Fig. 3 and
Table 2. Based on the predicted g values, high f,zs values have been
obtained for at DFT functionals, including a minimal amount of HF ex-
change. In contrast, the XC DFT levels that incorporate higher pro-
portions of HF exchange, like B3LYP, M06 —2X, and ®B97X —D give the
lowest ;g values. In comparison to the B3LYP hybrid functional, which
has the least amount of 20 % HF exchange, the PBEO and BVP86 values
are smaller, while readings exhibit strong similarity. The highest fygg
value (63.21 a.u.) for P1 is obtained using the BVP86, whereas the PBEO
method with 40 % of HF exchange provides the highest iz (82.06 a.u.)
for P2. The M06 —2X Minnesota level with 54 % HF exchange provides
the smallest Sz (34.14 and 44.15 a.u.) for P1 and P2, respectively. The
calculated $ values for both N-acyl glycine derivatives (Table 2) are
larger than g values of urea. The high $ values of P2 compared to P1 are
attributable to the strong migration of electrons between the two sides of
the N-acyl glycine derivative (amide-the chain-methyl donor), which
was significantly increased by the existence of the double bond in the
chain of P2. Moreover, the carbonyl oxygen of the amides acts as a
hydrogen bond acceptor, and the NH of the amides behave as a
hydrogen bond donor. In fact, the length of the chain, the position, and
the number of carbon-carbon double bond do not just affect the intra-
molecular charge transfer and the NLO properties, they affect the whole
proprieties of the derivatives [29,76,77]. This increase in fyzg could be
attributed to an increased u as well as a decreased band gap (E,). The
(PBEO and BVP86) and M06 —2X levels offer the smallest and the largest
B, values, respectively. The fyrs and §,, have been found to be directly
correlated. The same assessment has been obtained in several studies
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[78-82]. For more clarity, we could suggest an increasing/decreasing
classification relative to the fygg and f,, severally. Below is the estab-
lished order:

For P1: fyrs mo6-2x < Purs 0B97x-D < Purs B3LYP < Purs PBE0 < Purs
BVP86

By oB97%-D > P;) Mo6-2x > P/ B3LYP > B/ BVP86 > P/ PBEO

For P2: Bygs mMo6-2x < Purs B3LYP < Purs 0B97%-D < Purs BVP86 < Purs
PBEO

By oB97%-D > P;; Mo6-2x > B/ B3LYP > B/ BVPS6 > P/ PBEO

Prot 1 < Prot P2

Purs P1 < Pugs P2

The f,, values ranged between 69.60 and 154.23 a.u. for P1 and, at
the same time, ranged between 101.09 and 207.62 a.u. for P2. Opposite
variations were obtained between f,,, and E,. High fys has been ach-
ieved at the lower E,. Similar ascertainment has been obtained in
combined experimental and theoretical studies [83,84]. The best
maximization for f,, is given for P2 using the PBE0/6-311 + G(d,p)
obtained at lower E,. The studies showed that molecular symmetry and
conjugation are a key part of the electrical properties of molecules and
determining the conductance of the molecule. The push-pull effect was
visible in both P1 and P2, which was confirmed by lowest E, and high g
values. The obtained results exhibit a satisfactory level of agreement
with the experimental values as determined using UV-Vis measurements
(Fig. 1 and Table 3) and for similar compound [30]. The depolarization
ratio DR provides the molecular geometry information, which depends
on the symmetry of the molecular scatterer and ranges from 3.09 to 4.68
for P1, and from 4.35 to 5.94 for P2 (Table 2). These DR values are
congruent with the topology of one-dimensional N-acyl glycine systems.

3.3. Frontier molecular orbital (FMO) analysis

In this part of our assessment, we have studied the two frontier
molecular orbitals (Fig. 5) and their E, (Fig. 4, and Table 3) which are
crucial in a diverse array of chemical reactions commonly shortened
HOMO and LUMO [85,86]. The E, of the two N-acyl glycine derivatives
is obtained by analysing the UV-Vis spectrum presented in Fig. S1 and
Fig. S6. Maximum absorption of around 4 eV near-UV region was
noticed, which highlights the 7—z* transition between the HOMO and
LUMO of these acyl glycine derivatives. As shown in Fig. S1 and Fig. S6,
the UV-Vis analysis provides confirmation that the acyl glycine de-
rivatives have favorable optical absorption characteristics, including
adjustable intensity and absorption areas. Fig. 1 displays evolution
curves of the absorption coefficient as a function of incident energy. In
light of these figures, we used a Tauc plot method to compute E, [87]
depending on the adjustment of x-axis intercept, which equals about

Table 3

Enomo, ELumo, E. in eV and f,, in a.u. of P1 and P2 obtained using five DFT
approaches at the 6-311 + G(d,p) basis set. Comparisons with experimental (in
parentheses) and with the B3LYP results for a similar compound.

Enomo ErLumo E,y Pt
B3LYP P1 -7.08 -0.66 6.42 78.54
P2 -6.59 -0.66 5.93 111.12
5.32°
PBEO P1 -5.69 -1.53 4.16 (3.98) 154.23
P2 -5.66 -1.53 4.13 (4.25) 207.62
BVP86 P1 -5.79 -1.61 4.18 144.90
P2 -5.75 -1.61 4.14 203.05
®B97X-D P1 -9.28 1.49 10.07 71.76
P2 -8.64 1.49 10.13 110.49
MO06-2X P1 -9.03 0.80 9.83 69.60
P2 -8.11 -0.80 7.31 101.09

# [30] E, for the N-acetyl-DL-methionine at the B3LYP approach.
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Fig. 4. fyrs and E, of P1 and P2 determined at five DFT levels using the 6-311
+ G(d,p) basis set.

3.98 and 4.25 eV for P1 and P2, respectively. The HOMO and LUMO
energy of these glycines are negative, and these glycines are stable.
The E; of the studied N-acyl glycine derivatives varied from 4.16 to
10.07 eV and from 4.13 to 10.13 eV using the PBEO and wB97X-D
functionals for both P1 and P2, respectively (Table 3 and Fig. 4), which
implies that the N-acyl glycine derivatives are able to take a low value of
E, to transfer electrons from HOMO to LUMO. The low E, is attributed to
N-oleoyl glycine with a minor difference in N-octanoyl glycine values.
The lowest E, values are 4.16 and 4.13 eV for both P1 and P2 were
acquired by the PBE0/6-311 + G(d,p) level. This functional gives E,
value close to that of the experimental. Using the same B3LYP level, our
E, results were close to those obtained for the N-acetyl-DL-methionine
[30], a difference of 17 % was recorded. The frontier molecular orbitals
analysis of P1 and P2 showed that the LUMO is located over the carboxyl
group, this is shown by all B3LYP, PBEO, BVP86, ®B97X-D, and M06-2X
levels. The same assessment was shown by Giinay et al. [30] in their
study of the structure, orbitals, and NLO properties of the N-acetyl-DL-
methionine. The authors showed that the HOMO in the N-acetyl-DL-
methionine is localized over the -CsH2SCcH3C;Hy chain, while the
LUMO is located over the carboxyl group. Also, like our compounds, and
according to Li et al. [88], the LUMO is located over the carboxyl group
in the glycine oligopeptides. In our P1 and P2, the HOMO is localized on
the carboxamide HN-C = O in the case of P1 and on the HC = CH bound
in the case of P2 with a weak participation of p, orbitals of C atoms of the
rest of the chain. FMO is a valuable tool for qualitative descriptions of
biological activity and an important stability index that helps charac-
terize the molecules chemical reactivity, kinetic stability, and optical
polarizability [89]. The key characteristics of a molecule in FMO theory
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Fig. 5. HOMO, LUMO, and E, in eV of P2 (right) and P1 (left) determined at five DFT levels using the 6-311 + G(d,p) basis set.

are the difference between the energies of Eyomo and Epumo (E,), global
hardness, and softness of the system, which are treated as descriptors. A
molecule with a small E, is more polarized and characterized by greater
bioactivity, high chemical reactivity, and low kinetic stability, known as
a soft molecule [90,91]. Soft molecules are more reactive than hard ones
because they easily offer electrons to an acceptor. The small E, indicates
that charge transfer easily occurs in it, which influences the biological
activity of the molecules [92]. The Eyomo and E ymo and the descriptive
properties of P1 and P2, such as the chemical hardness (i) [93],
chemical potential (V), chemical softness (S), electronegativity (y),
electrophilicity index (w), electron affinity (A), and nucleophilicity
index (N) [94,95] are calculated at the same DFT levels and regrouped in
Table 4. These descriptors were evaluated from the following equations:

A= —Eumo; ! = —Enomo; V= (1+A)/2;8 =1/21
n=(-A+D/2y=I+A)/2;0=V*/2p;N = 1/o

The 5 and E, values demonstrate the intramolecular charge transfer

inhibition [96]. The stability is confirmed by the large 5 values of P1 and
P2, which are 5.38 and 5.06 eV, respectively. The computed large # and
small E, values for P2 exhibits promising charge transfer in the mole-
cule, proving that these N-acyl glycine derivatives are biologically
active.

The @ index [97] is related to the stabilization of energy when the
system gains an additional electronic charge from the surroundings and
quantifies the global electrophilic power of the molecule [98]. The FMO
study indicates that P2 has the lowest E, (4.13 eV), meanwhile, the P1
possesses the highest E, (4.16 eV). The lower E, in P2 demonstrates the
inevitable charge transfer. P2 has more reactive HOMO (Egomo = —
5.66 eV), and P1 has less reactive HOMO (Egomo = — 5.69 eV). The
LUMO with the least energy is present in P2 (E ymo = — 1.61 eV) and
with high energy in P1 (ELymo = —1.49 eV). The N-acyl glycine with the
highest Vis P1 (V= 9.28 eV), and the lowest V value was obtained for P2
(V = 5.75 eV). The electron affinity A value is higher for P2 (A = 1.61
eV) and is lower for P1 (A = -1.49 eV). During molecular interactions,
the LUMO accepts electrons, and its E; ymo corresponds to the electron

Table 4
The Enomo, ELumos Eg, I A, 17, ¥, @ in eV, S, Vin eVl and N of P1 and P2 computed at five levels using the 6-311 + G(d,p) basis set.
Enomo Evrumo E, 1 A X n S 14 @ N
B3LYP P1 -7.08 -0.66 6.42 7.08 0.66 3.87 3.21 0.15 3.87 2.33 0.42
P2 -6.59 -0.66 5.93 6.59 0.66 3.62 2.96 0.16 3.62 2.21 0.45
PBEO P1 -5.69 -1.53 4.16 5.69 1.53 3.61 2.08 0.240 3.61 3.13 0.31
P2 -5.66 -1.53 4.13 5.66 1.53 3.59 2.06 0.242 3.59 3.12 0.32
BVP86 P1 -5.79 -1.61 4.18 5.79 1.61 3.7 2.09 0.23 3.7 3.27 0.30
P2 -5.75 -1.61 4.14 5.75 1.61 3.68 2.07 0.24 3.68 3.27 0.30
oB97X-D P1 -9.28 1.49 10.07 9.28 -1.49 3.89 5.38 0.092 3.89 1.40 0.71
P2 -8.64 1.49 10.13 8.64 -1.49 3.57 5.06 0.098 3.57 1.25 0.80
MO06-2X P1 -9.03 0.80 9.83 9.03 -0.80 4.11 491 0.10 4.11 1.72 0.58
P2 -8.11 -0.80 7.31 8.11 0.80 4.45 3.65 0.13 4.45 2.71 0.36
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affinity, while the HOMO represents electron donors and its Egomo is
associated with the ionization potential [99]. The evaluated E, are found
to be 4.16 and 4.13 eV for P1 and P2, respectively obtained using the
PBE0/6-311 + G(d,p) level (Table 3). The E, indicates that P2 is a
softest compared to P1, while the Eyomo and Epymo values are mostly
negative, which confirms the stability of the prepared N-acyl glycine
derivatives [100]. A wider E, refers to higher stability in the molecular
structure. Higher stability points lower chemical reactivity, which
means easier replacement of electron distribution. A wider E, (case of
P1) indicates greater stability in the molecular structure, whereas a
narrower E, (case of P2) refers to chemical softness [101]. The biolog-
ical reactivity of soft molecules (P2) is higher than hard molecules.
Conversely, a good electrophile is described by a higher w value, and the
lower w value denotes a good nucleophile. Our findings suggest that the
N-acyl glycine derivatives P1 and P2 had larger o values, indicating a
greater propensity to accept electrons and would undergo nucleophilic
attack easily. According to the absolute scale of electrophilicity based on
the w index, these chemicals may be classified as strong electrophiles
with @ > 1.5 eV, moderate electrophiles with 0.8 < w < 1.5 eV, and
marginal electrophiles with @ < 0.8 eV [102]. The same behavior was
noticed in compounds recently reported [32]. The strong electrophilic
nature of our N-acyl glycine derivatives supports their usability as
bioactive substances [103]. The outcomes from this study will be useful
for disclosing the structure-properties relationship and provide insights
into the electronic structure of N-acyl glycine derivatives, including the
distribution of electrons in terms of their spatial arrangement and en-
ergy levels. This information is crucial for understanding our materials
stability, reactivity, and biological activity.

4. Conclusion

In this contribution, N-acyl amino acids P1 and P2 synthesis has been
achieved. P1 and P2 were produced in a one-step process with high to
outstanding yields, and their structures were investigated via NMR (*H
and 13C), UV-Vis, FT-IR, and LC-MS analysis and were ascertained for
their in vitro antimicrobial potential against Gram-positive bacteria:
Bacillus subtilis subsp. SpizizeniiATCC 6633. The results showed that: (I)
The PBEO and BVP86 functionals give the high p value in comparison
with that calculated at ®B97X —D, B3LYP, and M06 —2X levels. (I) (IIT)
The predictions show a progressive augmentation in () when passing
from the B3LYP, M06-2X, and ®B97X —D to PBEO and BVP86 levels
with a negligible difference between (a) and Aa for the BVP86 and
PBED. (IV) A direct correlation has been obtained between the ;5 and
B, and opposite variations were obtained between f,, and E;. (V) High
Purs has been obtained at lower E,. (VI) A satisfactory agreement has
been achieved between the computed E, values and the corresponding
experimental values. The $ values of our N-acyl glycine derivatives are
moderate, and according to Wergifosse et al. [33] and Alparone [34], the
formation of oligomers containing these N-acyl glycine units might
achieve large f responses. Another method to enhance f of these gly-
cines consists in introducing strong acceptor groups like the nitro NO,,
as this was carried out by Jassem et al. [104] in the case of glycine-4-
nitro benzaldehyde.
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