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Molecular structure, spectral analysis and 

hydrogen bonding analysis of ampicillin 
trihydrate: A combined DFT and AIM approach 

Eram Khan,a Anuradha Shukla,a Anubha Srivastava,a Shwetaa and Poonam 
Tandon*a  

Ampicillin trihydrate chemically associated to C16H19N3O4S·3H2O empirical formula, 

is a semi-synthetic amino-penicillin derived from the elementary penicillin nucleus, 6-

aminopenicillanic acid. It is a very common antibiotic that is active against an extensive 

range of Gram-positive and Gram-negative organisms. It is used to treat certain varieties of 

bacterial infections, like gonorrhea and infections of the urinary, intestinal and respiratory 

tracts. In the present effort, quantum chemical calculations of molecular geometries (bond 

lengths and bond angles) and bonding features of monomer and dimer of ampicillin 

trihydrate in the ground state have been carried out due to its biological and industrial 

importance. The optimized geometry and wavenumber of the vibrational bands of the 

molecule have been calculated by ab-initio density functional theory (DFT) using Becke’s 

three-parameters hybrid functional (B3LYP) with 6–311++G(d,p) basis set. Vibrational 

wavenumbers were compared with the observed FT-Raman and FT-IR spectra. Molecular 

electrostatic potential (MEP) has also been plotted for predicting the molecule reactivity 

towards positively or negatively charged reactants and it shows that electropositive 

potential is visualized in the vicinity of the –NH3 group and electropositive region is found 

near the H2O molecule in both monomer and dimer. HOMO-LUMO analysis has been done 

to describe the way the molecule interacts with other species. Natural bond orbitals (NBO) 

analysis has been carried out to inspect the intra- and inter- molecular hydrogen-bonding, 

conjugative and hyperconjugative interactions and their second order stabilization energy 

E(2). Nonlinear optical (NLO) analysis has also been performed to study the non-linear 

optical properties of the molecule by computing the first hyperpolarizability (β0). The 

variation of thermodynamic properties with temperature has been studied. Topological 

parameters at bond critical points (BCP) have been evaluated by ‘Quantum theory of atoms 

in molecules’ (QTAIM). 

 

 

1. Introduction 
Antibiotics are definite chemical substances which are resultant 

of or produced by living organisms like bacteria and fungi that are 

skilled with killing, or preventing the life processes of other 

organisms1,2. One such group of antibiotics is penicillins that are 

consumed to treat a wide range of bacterial infections occurring 

within the body1. A kind of fungi called Penicillium fungi produces 

them. These antibiotics are renowned in medicine as they are one of 

the first kinds of antibiotic used for main infections and diseases, and 

are still used commonly in present medicine. All of the penicillins 

are β-lactam antibiotics and are effectively used in the cure of 

bacterial infections caused by susceptible, usually Gram-positive, 

organisms3. The aminopenicillins, which is a group of antibiotics4, in 

the penicillin family, have a β-lactam ring, and prevent the synthesis 

of bacterial cell walls. They are the first penicillins found to be 

active against Gram-negative bacteria. Changes in the structure of 

penicillins were done so as to increase the spectrum of the penicillins 

in order to include inhibition of Gram-negative bacteria derivatives. 

The first and foremost development in this approach was ampicillin, 

which offered a broader spectrum of activity than any of the original 

penicillins. Ampicillin crystals, according to the level of hydration, 

usually exist in four forms, anhydrate (form I and form II), 

monohydrate and trihydrate5-8. This medicine is on the World Health 

Organization's List of Essential Medicines9. 

The title compound, ampicillin trihydrate (AT) chosen for this 

study is a significant heterocyclic compound which is strongly 

hydrogen bonded in the solid state. AT is formed when 

crystallization of ampicillin from aqueous solution at temperatures 

below 50 C̊ is done , while crystallization from aqueous solution at 
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temperatures above 60 C̊ yields the anhydrate form10,11. An intact β-

lactam/thiazolidine fused ring system was supposed to be important 

for antibiotic action. AT, consists of a thiazolidine ring attached to a 

β-lactam ring and a unique side chain that distinguishes it from the 

other antibiotics12. It has been used as broad-spectrum semi-

synthetic penicillin which is effective in the cure of Gram-positive 

and Gram-negative bacterial infections produced by Haemophilus 

influenza, Streptococcus, Neisseria gonorrhoeae, Bacillus anthracis, 

and Escherichia coli13. It is also considered for treatment of urinary 

tract infections (UTI) caused by susceptible enterococci, E. coli, or 

Proteus mirabilis9,14. It is used as a substitute for the cure of typhoid 

fever (enteric fever) caused by susceptible Salmonella typhi14.  

Ampicillin trihydrate is labelled chemically as (2S, 5R, 6R)-6-

[(R)-2-Amino-2-phenylacetamido]-3, 3-dimethyl-7-oxo-4-thia-l-

azabicyclo [3.2.0] heptane-2-carboxylic acid trihydrate. The 

chemical structure of AT is shown in Fig. 1. It occurs essentially as 

white, odourless, crystalline powder that is feebly soluble in water. 

AT is the most stable form in water at room temperature15. In the 

trihydrate form the amino group is hydrogen bonded to a single 

carboxyl group with a complicated arrangement of the three 

hydrogen-bonded water molecules which also form hydrogen bonds 

to three further atoms within the molecule. AT belongs to an 

orthorhombic system, space group P212121 with cell parameters a = 

15.52275 (16) Å, b = 18.9256 (3) Å, c = 6.67375 (8) Å, z = 416. The 

molecule is zwitterions. 

 

Fig. 1 Chemical structure of AT. 

  

 Vibrational spectroscopic (infrared17 and Raman18) methods 

are particularly essential for the characterization of 

supramolecular complexes. Thus in the present study, the FT-

IR and FT-Raman spectra of AT have analysed by matching 

them with the ones calculated using ab-initio density functional 

theory (DFT). Baraldi et al.19 have recently reported vibrational 

study of monomer of AT based on DFT calculations. However, 

they have not given the complete potential energy distribution 

(PED) of the vibrational modes and the comparison between 

calculated and observed wavenumbers of the spectra of the AT. 

In addition, they have not considered the intermolecular 

hydrogen bonding that plays a significant role to stabilize the 

molecular structure. Vibrational spectroscopy and quantum 

theory of atoms in molecules (QTAIM) calculations are few 

approaches that directly conclude on the strength of hydrogen 

bonds. In the present work, the effects of hydrogen bonding on 

the Raman and IR spectrum of AT have been examined by DFT 

calculations on monomer as well as hydrogen bonded dimer. 

Crystal structure of AT16 has been used to construct the 

hydrogen bonded model dimer. The aim of this study is to fully 

determine the optimized geometries, atomic charges and 

vibrational spectra for the AT molecule and examine the 

different normal modes of the AT molecule. The vibrational 

frequencies of AT are allocated to their corresponding normal 

vibration mode by means of PEDs. 

In order to give clear evidence of stabilization originating from 

the hyperconjugation of various intra- and inter- molecular 

interactions, the redistribution of electron density (ED) in various 

bonding, antibonding orbitals and E(2) energies has been computed 

by natural bond orbital (NBO) analysis. The HOMO, LUMO study 

has been used to expose the information concerning charge transfer 

within the molecule. The molecular electrostatic potential surface 

(MEP) of the compound is useful for understanding the connection 

between biological activity and molecular structure. DFT and 

QTAIM methods have been applied to gain a deeper understanding 

into the nature of intra- and inter- molecular interactions. This 

analysis allowed us to estimate the strength of the hydrogen bonding. 

2. Experimental details 

2.1. Fourier transform-infrared spectroscopy 

The spectrum was recorded with the help of a VERTEX 70 

(Bruker) FT-IR spectrophotometer with a spectral resolution of 4 

cm−1 in the region 600–4000 cm−1 to get qualitative information 

about the functional groups present in a sample. FT-IR 

spectrophotometer was fitted with a mercury-cadmium-telluride 

(MCT) detector. Setting parameter: apodization function is [cos(t); 1 

− (t/T); 1 − (t −T)2]. The spectrum was accumulated for 32 scans. 

Multi-tasking OPUS software was used for base line corrections.  

2.2. Fourier transform-Raman spectroscopy 

FT-Raman spectrum was recorded by using a Bruker multiram 

spectrometer, equipped with a FRA 106 FT-Raman module and with 

a near IR continuous-wave Nd-YAG laser operating at 1064 nm in 

backscattering. The laser was focused on the sample as an 

approximately 100 μm x 100 μm area and a liquid nitrogen-cooled 

germanium detector was used. The FT-Raman spectrum of this 

compound was recorded in the region 100–3500 cm−1. Typical 

spectrum was acquired with nearly 2000 scans with a resolution of 4 

cm−1 was averaged for the sample.  

3. Computational Details 

Theoretical methods and basis sets have to be incorporated in 

order to meet up the requirements of both precision and computing 

budget. For this DFT has proved to be particularly advantageous in 

treating electronic structure of molecules. 

The complete vibrational spectra, molecular geometry 

optimizations and molecular electrostatic potential calculations of 

monomer and dimer of AT were achieved using the Gaussian 09 

program package20 without any constraint on the geometry. DFT21,22 

methods along with the three-parameter hybrid functional B3 for the 

exchange part and the Lee-Yang-Parr (LYP) correlation functional23-

26 was adopted to calculate the properties of the studied molecule. 

The 6–311++G(d,p) was used as a basis set.  

The vibrational frequency assignments of the normal modes 

were made with a high degree of accuracy, on the basis of the 

calculated PED with the help of the program GAR2PED27. For this 

purpose a complete set of 150 internal coordinates was defined using 

Pulay’s recommendations28,29. GaussView30 program was used to get 

the graphical presentation of IR and Raman spectra. For the pictorial 

visualization and checking of calculated data GaussView and 

CHEMCRAFT program were used31. 

The electronic parameters, such as highest occupied molecular 

orbital (HOMO) energy, lowest unoccupied molecular orbital 

(LUMO) energy and the band gap energy (ΔE = εLUMO − εHOMO), 

were obtained through theoretical calculations. Gaussian 09 program 

using DFT/B3LYP theory was used to perform the NBO and NLO 

calculation. The NBO analysis was carried out utilizing the 
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optimized geometry at DFT/B3LYP level using NBO 3.0 program32 

as implemented in Gaussian 09 package in order to understand inter- 

and intra- molecular delocalization or hyperconjugation.  

Molecular electrostatic potential surface (MEP) was plotted for 

the molecule by the GaussView software. Structure resulting from 

the plot of electron density surface mapped with electrostatic 

potential surface depicts the charge density, size, shape and the site 

of chemical reactivity of a molecule. A detailed analysis of the 

electron density distribution function was made according to 

QTAIM suggested by Bader et al.33-36 using the program 

AIM200037. Properties of the electron density calculated at bond 

critical points (BCP) were characterized. 

4. Results and discussion 

4.1. Geometry Optimizations and Energies 

The crystal structure of AT has already been reported by Burley 

et al.16 and Boles and Girven15. Structural data of Burley et al.16 have 

been used to construct the monomer and hydrogen bonded model 

dimer16 which are used for further calculations. Initial geometry for 

both the monomer and the dimer was minimized at DFT level 

employing B3LYP/6-311++G(d,p). The optimized geometries of 

monomer and dimer are displayed in Fig. 2 and Fig. 3 respectively. 

The energy of monomer calculated by DFT (−1714.20 Hartree) is 

lower than the one calculated by HF (−1705.72 Hartree) showing 

more stability. The structure of the AT molecule is non-planar. 

 
Fig. 2 Optimized structure for monomer of AT and the atom 

numbering scheme adopted in this study. 

 

Fig. 3 Optimized structure for dimer of AT and the atom 

numbering scheme adopted in this study. 

The optimized geometrical parameters (bond lengths, bond 

angles and dihedral angles) of monomer and dimer obtained using 

DFT methods are listed in Table S1, ESI† and these geometries are 

compared with the experimental geometry obtained using crystal 

data of AT16. The calculations are capable to reproduce the 

experimental data within 0.040 Ǻ in bond lengths and 2˚ in bond 

angles16. Significant differences are, however, noticeable in the 

lengths of S1–C9 bond of the thiazolidine fused ring, N8–C18 bond 

of the NH3 group and C10–C16 bond of the COO group where the 

calculated values are 1.926, 1.525 and 1.597 Ǻ, respectively, as 

against the experimental values 1.859, 1.475 and 1.555 Ǻ. The bond 

lengths C20–C21 and C21–C22 at 1.393 Ǻ are indicative of a high 

degree of π-orbital resonance. In AT the thiazolidine ring atoms 

form an approximately planar arrangement while the remaining 

atoms are considerably out of this plane. According to the result in 

Table S1, some of the bond lengths and angles calculated by DFT 

methods are somewhat different from the experimental ones, 

because the molecular states are unlike during theoretical and 

experimental processes. Only single isolated molecule or dimer is 

considered in gas phase in theoretical calculation; while many 

packed molecules are treated in condensed phase in the experimental 

measurements. 

In dimer, many intermolecular hydrogen bonds (H–O∙∙∙∙H) are 

present.  The elongation in the bond length of bonds like N7–H42, 

N8–H29, O47–H48 and O50–H52 from monomer to dimer is the 

result of strengthening of hydrogen bonds. The total energy of the 

monomer of AT and its dimer are calculated as −1714.20, −3428.47 

a.u., respectively. Therefore, the binding energy of dimer is 

calculated as 46.65 kcal/mol. The computed binding energy of dimer 

formation has been rectified for the basis set superposition error 

(BSSE) by means of the standard counterpoise method38 and 

calculated to be 43.89 kcal/mol. 

4.2. Chemical reactivity 

The chemical reactivity of a molecule can be described in three 

ways, by using (i) MEP map, (ii) global electronic reactivity 

descriptors and (iii) molar refractivity (MR). 

4.2.1. Molecular electrostatic potential 

The MEP explores the polarization and charge transfer effects 

within the molecule. It also explains hydrogen bonding and 

reactivity of molecules. This parameter can be used to analyse the 

electrophilic and nucleophilic sites in the molecule where chemical 

reactions are expected to take place. It gives a pictorial method to 

understand the relative polarity of the molecule.   

Fig. S1, ESI† and Fig. 4 show the 3D MEP of the monomer and 

dimer of the title compound, respectively calculated from optimized 

structure with the electronegative and electropositive regions of the 

molecule. The different values of the electrostatic potential are 

symbolized by different colours at the MEP surface; red, blue and 

green represent the regions of most negative (electrophilic 

reactivity), most positive (nucleophilic reactivity) and zero 

electrostatic potential, respectively. Potential decreases in the order 

blue > green > yellow > orange > red. The colour code of MEP map 

is in the range between −0.124 a.u. (deepest red) to +0.124 a.u. 

(deepest blue) and −0.113 a.u. to +0.113 a.u. in monomer and dimer 

respectively. It may be seen that, in monomer, a region of zero 

potential covers the π-system of the benzene ring, leaving a more 

electrophilic region in the plane of the hydrogen atoms. A large 

electropositive potential is found in the vicinity of the –NH3 group 

and a small electropositive (blue) region is found near the H2O 

molecule in both monomer and dimer. In MEP map of AT the 

reduction in the electrostatic potential around H2O molecule 

indicates the equalization of electrostatic potentials as result of 

Page 3 of 13 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Paper NJC 

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015 New J. Chem., 2015|4  

intramolecular hydrogen bonding H51–O50∙∙∙∙H49 and H49–

O47∙∙∙∙H46. These sites show regions of most positive electrostatic 

potential and high activity of the NH3 group. In contrast, areas close 

to the –COO group shows region of highly electronegative (red) 

potential and large activity. The region of negative electrostatic 

potential is linked with the lone pair of electronegative O atoms. The 

rest of the molecule seems to exert almost neutral electrostatic 

potential and hence inactive. The same is the case for the dimer of 

AT. 

 
 

Fig. 4 Molecular electrostatic potential (MEP) formed by mapping 

of total density over electrostatic potential in gas phase for dimer 

of AT molecule. 

 

4.2.2. Global reactivity descriptors 

According to Koopman’s theorem25, the different global 

reactivity descriptors, i.e., electronegativity (χ), chemical potential 

(µ), global hardness (η), global electrophilicity index (ω) and global 

softness (S) are computed by means of the energies of frontier 

molecular orbitals εHOMO, εLUMO and are given by39-43; 

χ =  −
1

2
 ϵHOMO + ϵLUMO   

μ =  −χ =  
1

2
 ϵHOMO +  ϵLUMO   

η =  
1

2
 ϵLUMO − ϵHOMO   

S =  
1

2η
 

ω =  
μ2

2η
 

ΔNmax = −
μ

η
 

According to Parr et al.40, ω is a global reactivity index 

resembling with the chemical potential and chemical hardness, 

which is positive and definite quantity. This ω measures the 

stabilization in energy when the system gains an additional 

electronic charge (ΔN) from the surroundings. The electronic 

chemical potential of the molecule entirely determine the path of the 

charge transfer as an electrophile is a chemical species proficient of 

accepting electrons from the surroundings. Hence, its energy must 

lessen upon accepting electronic charge and its electronic chemical 

potential must be negative. The energies εHOMO, εLUMO, energy band 

gap (εLUMO−εHOMO), χ, µ, η, S and ω for monomer and dimer are 

listed in Table 1. The calculated high value of ω shows that the 

monomer behaves as a strong electrophile than dimer. 

Table 1 Calculated εHOMO, εLUMO, energy band gap (εL−εH), chemical potential (μ), electronegativity (χ), global hardness (η), global softness 

(S) and global electrophilicity index (ω) at 298.15 K for monomer and dimer of AT. 

Molecule εH (eV) εL (eV) εL−εH (eV) χ (eV) μ (eV) η (eV) S (e/V) ω (eV) ΔNmax 

Monomer −4.7424 −2.2656 2.4768 3.5040 −3.5040 1.2384 0.4037 4.9572 2.8294 

Dimer −5.0088 −2.2847 2.7241 3.6467 −3.6467 1.3620 0.3671 4.8819 2.6774 

4.2.3. Molar refractivity (MR) 

MR is an important property used to measure the 

total polarizability of a mole of a material. It depends on the 

molecular weight, refractive index and density of the steric bulk and 

hence responsible for the binding property and lipophilicity of the 

studied system. It is a constitutive-additive property and may be 

calculated by the Lorenz-Lorentz formula44-46: 

MR =   
n2 −  1

n2 + 2
  

MW

ρ
 = 1.333 πNα 

where n is the refractive index; ρ  is the density; MW is the 

molecular weight; (MW/ρ ) is the molar volume; N is the Avogadro 

number; α is the polarizability of molecular system and its value 

depends only on the wavelength of the light used to measure ‘n’. 

This equation is usable for both solid and liquid states of the system 

under study. It is related to the volume of the molecules as well as to 

the London dispersive forces that act in the drug-receptor interaction. 

For a radiation of infinite wavelength, the value of MR denotes the 

 

real volume of the molecules. The value of MR for monomer and 

dimer of AT is 53.33 and 134.41 esu, respectively, which are 

responsible for the binding property of the title molecule and can be 

used for the cure of different diseases. 

4.3. HOMO-LUMO energy gap 

There are a number of ways to calculate the excitation energies. 

The simplest one involves the difference between the HOMO and 

the LUMO of a neutral system. As they lie at the outermost 

boundaries of the electrons of the molecules, they are sometimes 

called the frontier orbitals. They are the main orbitals that take part 

in chemical stability47. The LUMO and HOMO values and their 

energy gap reflect the biological activity of the molecule. The 

HOMO as an electron donor represents the ability to donate an 

electron and LUMO acts as an electron acceptor which accepts an 

electron. The energy gap between HOMO and LUMO is a critical 

parameter in determining molecular electrical transport properties 

because it is a measure of electron conductivity and is mainly 
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responsible for the chemical and spectroscopic properties of the 

molecules48.  

The electronic transition of monomer and dimer of AT were 

calculated in the gas phase using the time dependent (TD)-DFT/6–

311++G(d,p) method.  The atomic orbital compositions of the 

molecular orbitals were obtained by GaussView30. The features of 

the HOMO and LUMO of monomer and dimer of AT can be seen in 

Fig. S2, ESI† and Fig. 5, respectively and their energy gap are found 

to be 2.4768 eV and 2.7241 eV, respectively. The gap between the 

HOMO and LUMO determines the electrical transport properties and 

chemical stability of the molecule49. A small gap implies low 

stability and large gap implies high stability. A molecule with a 

small HOMO-LUMO gap is more polarizable (reactive), and is 

generally associated with a high chemical reactivity (less stable)50-52. 

One can also relate the stability of the molecule to hardness, the 

lower stability indicates that the molecule is softer and chemically 

more reactive52. This is confirmed from Table 1, where the value of 

global softness (S) is high for monomer and the value of global 

hardness (η) is high for dimer. So, the chemical reactivity of AT 

calculated using monomeric model is higher than the one calculated 

with dimeric model. Our calculations on ampicillin (AMP) show that 

the HOMO-LUMO gap for AMP is 5.48 eV in comparison to 2.48 

eV (monomeric model) for AT53. Consequently global reactivity 

descriptors also indicate that the chemical activity of AT is much 

higher than AMP. 

 
Fig. 5 HOMO-LUMO plot of dimer of AT with orbitals involved in 

electronic transitions in isolated (gaseous) phase. 

The calculated self-consistent field (SCF) energy of AT is 

−1714.2003 kJ/mol. In HOMO, the charge density is mainly 

accumulated on the COO group and pentane ring however, in case of 

LUMO, more charge density moves to the benzene ring and NH3 

group in both, monomer and dimer. 

4.4. Natural Bond orbital analysis (NBO) 

The NBO analysis has been performed in order to quantifying 

resonance structure contributions to molecules and also provides an 

efficient method to study intramolecular charge transfer interactions, 

rehybridization and delocalization of electron density within the 

molecule. NBOs are an orthonormal set of localized ‘maximum 

occupancy’ orbitals whose leading N/2 members give the most 

accurate Lewis description of the total electron density54. The NBOs 

are made up of a combination of natural hybrid orbitals (NHOs)55 

which are each made up of an optimized linear combination of 

natural atomic orbitals (NAOs)56.  

The NBO program is able to provide a complete quantum 

mechanical description of the structure of a molecule by a set of 

localized bonds, antibonds and Rydberg extra valence natural atomic 

orbitals that contribute to the NBOs, lone pair orbitals, etc., 

including their occupancy and energies. Not only is the analysis able 

to depict the atomic components of bonding, it is also possible using 

second order perturbation theory to calculate the strength of 

interactions such as hydrogen bonds. The larger the value of E(2), the 

more intensive is the donor-acceptor interaction. Therefore, the E(2) 

values can be considered a good representation of the bond strength. 

NBO analysis of AT was performed to estimate the 

delocalization patterns of electron density from the principal 

occupied Lewis-type (bond or lone pair) orbitals to unoccupied non-

Lewis (anti-bonding or Rydberg) orbitals. The NBO calculation was 

performed on the title molecule at the DFT/B3LYP/6–311++G(d,p) 

level.  

For each donor NBO(i) and acceptor NBO(j), the strength of 

delocalization interaction (or stabilization energy) E(2) associated 

with electron delocalization between donor and acceptor is estimated 

by the second order energy lowering as57,58. 

E(2) =  −nσ
 Fij 

2

E j − E(i)
 

 

where Fij is the off-diagonal Fock-matrix elements, E(j)−E(i) is the 

difference in orbital energies of donor and acceptor NBO orbitals 

and nσ is the population of the donor orbital. The second- order 

perturbation theory analyses of the Fock Matrix, in the NBO basis 

for monomer unit 1 within dimer are presented in Table 2. 

Overlapping between bonding and anti-bonding orbitals results in 

intramolecular interactions.  

 The electron density at the conjugated π bonds (1.64253–

1.67406) and π* bonds (0.30786–0.37232) of benzene ring 

indicate strong π-electron delocalization within ring leading to a 

maximum stabilization of energy 22.67 kcal/mol. The values of 

occupancy for σ and π bonding NBOs are 1.96152–1.97622 and 

1.64113–1.67537 respectively. The donor ability of π bonding 

NBOs are much larger than those of σ bonding.  The π bonding 

NBO at C21–C22 has lowest occupancy 1.64113, hence 

possesses the strongest donor ability among all the bonding 

NBOs. Likewise, larger occupancies of the antibonding NBOs 

lead to the stronger acceptor ability. 

An important interaction, related to the resonance in the 

molecule is the electron donation from oxygen atom n3(O4) to 

π*O3–C16 leading to high stabilization energy of 75.31 kcal/mol, 
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this larger energy shows the hyperconjugation within the COO 

group. While the atoms n(2)O2 and n(2)O5 share the energies of 

23.35 and 22.69 kcal/mol to σ*N6–C13 and σ*N7–C17 bonds 

respectively.  

Table 2 Second order perturbation theory analysis of the Fock matrix in the NBO basis for intramolecular interactions for monomer unit 1 

within dimer of AT. 

Donor NBO (i) ED(i) (e) Acceptor NBO (j) ED(j) (e) E(2)a  (kcal/mol)  E(j)−E(i)b   (a.u.) F(i,j)c  (a.u.) 

within unit 1 

σN6–C11 1.97106 σ*O2–C13 0.02999 7.82 1.27 0.089 

σN7–H42 1.97622 σ*O5–C17 0.01503 5.69 1.23 0.075 

σC11–C12 1.97043 σ*O2–C13 0.02999 6.46 1.19 0.078 

σC12–C13 1.96152 σ*N6–C10 0.04560 5.92 0.94 0.067 

σC14–H37 1.97412 σ*S1–C9 0.06939 6.27 0.58 0.054 

σC15–H40 1.97588 σ*S1–C9 0.06939 5.86 0.59 0.053 

πC19–C20 1.67537 σ*N8–C18 0.03766 6.92 0.47 0.055 

  π*C21–C22 0.30687 17.92 0.29 0.065 

  π*C23–C24 0.30856 19.98 0.29 0.068 

πC21–C22 1.64113 π*C19–C20 0.37293 22.67 0.27 0.070 

  π*C23–C24 0.30856 20.01 0.28 0.068 

πC23–C24 1.65566 π*C19–C20 0.37293 20.97 0.28 0.068 

  π*C21–C22 0.30687 19.85 0.29 0.068 

n(2)S1 1.92166 σ*C11–H26 0.03671 5.09 0.65 0.052 

n(2)O2 1.84380 σ*N6–C13 0.06724 23.35 0.75 0.121 

  σ*C12–C13 0.08722 20.78 0.60 0.102 

n(2)O3 1.85678 σ*O4–C16 0.06388 22.22 0.76 0.118 

  σ*C10–C16 0.12084 23.22 0.55 0.101 

n(1)O4 1.94364 σ*C10–C16 0.12084 8.43 0.86 0.077 

n(2)O4 1.85139 σ*O3–C16 0.03761 14.63 1.02 0.112 

n(3)O4 1.64981 π*O3–C16 0.31079 75.31 0.29 0.134 

n(2)O5 1.86094 σ*N7–C17 0.06543 22.69 0.75 0.119 

  σ*C17–C18 0.07682 20.89 0.60 0.101 

n(1)N6 1.65273 π*O2–C13 0.31131 48.31 0.30 0.109 

n(1)N7 1.66172 π*O5–C17 0.32238 66.06 0.27 0.121 

  σ*C12–C13 0.08722 7.79 0.60 0.065 

π*C19–C20 0.37293 π*C21–C22 0.30687 288.76 0.30 0.083 
aE(2) means energy of hyperconjugative interaction (stabilization energy).      
 bEnergy difference between donor (i) and acceptor (j) NBO orbitals.  

 cF(i, j) is the Fock matrix element between i and j NBO orbitals. 

Table 3 Second order perturbation theory analysis of the Fock matrix in the NBO basis for the intermolecular interactions for dimer of AT. 

Donor NBO (i) ED(i) (e) Acceptor NBO (j) ED(j) (e) E(2)a (kcal/mol)  E(j)−E(i)b (a.u.) F(i,j)c (a.u.) 

from unit  1 to unit  4 

n(1)O2 1.96119 σ*O50–H51 0.02984 5.79 1.15 0.073 

n(2)O2 1.84380 σ*O50–H51 0.02984 5.85 0.73 0.060 

from unit  2 to unit  1 

n(2)O44 1.95508 σ*N7–H42 0.05554 16.26 0.83 0.104 

from unit  3 to unit  2 

n(2)O47 1.95639 σ*O44–H46 0.03674 16.29 0.82 0.104 

from unit  4 to unit  1 

n(2)O50 1.92811 σ*N8–H29 0.07242 31.35 0.88 0.149 

from unit  4 to unit  3 

n(1)O50 1.98150 σ*O47–H49 0.01441 5.21 0.85 0.059 

from unit  5 to unit  6 

n(1)O56 1.96324 σ*O54–H103 0.04318 6.53 1.12 0.076 

n(2)O56 1.84597 σ*O54–H103 0.04318 7.65 0.70 0.067 

from unit  6 to unit  3 

n(1)O54 1.97582 σ*O47–H48 0.02225 7.59 0.80 0.070 

from unit  6 to unit  7 

n(1)O54 1.97582 σ*O97–H99 0.02780 16.09 2.36 0.174 

from unit  6 to unit  8 

σO54–H103 1.99643 σ*O100–H101 0.00075 99.68 3.28 0.510 

  σ*O100–H102 0.02451 91.22 3.03 0.472 

σO54–H104 1.99746 σ*O100–H101 0.00075 264.53 3.24 0.826 

  σ*O100–H102 0.02451 91.59 2.99 0.470 
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n(1)O54 1.97582 σ*O100–H101 0.00075 13.41 2.87 0.176 

  σ*O100–H102 0.02451 12.59 2.63 0.162 

n(2)O54 1.97193 σ*O100–H101 0.00075 175.83 3.14 0.668 

  σ*O100–H102 0.02451 9.55 2.89 0.148 

from unit  7 to unit  5 

n(2)O97 1.95404 σ*N61–H95 0.05788 16.73 0.83 0.105 

The second-order perturbation theory analyses of the Fock 

Matrix, in the NBO basis for dimer of AT are presented in Table 3. 

In dimer, total 8 units are present, charge transfer from unit (6) to 

unit (9) due to n(1)O54/n(2)O54→σ*O100–H101 stabilized the 

molecule up to 175.83 kcal/mol and confirms the presence of 

classical interaction O100–H101∙∙∙∙O54. In the same way, 

intermolecular charge transfer n(1)O54/n(2)O54→σ*O100–H102 

confirms the presence of classical interaction O100–H102∙∙∙∙O54.  

Another weak intermolecular charge transfer from monomer unit (1) 

to unit (4) due to n(1)O2/n(2)O2→σ*O50–H51 confirms the 

presence of intermolecular interaction O50–H51∙∙∙∙O2 and stabilized 

the molecule up to 5.85 kcal/mol.  

Selected Lewis orbitals (occupied bond orbital) for monomer of 

AT with percentage ED over bonded atoms (EDX, EDY in %), hybrid 

NBOs with s and p character are listed in Table S2, ESI†. The 

valence hybrids analyses of NBOs show that all the C–N and C–O 

bond orbitals are polarized towards the nitrogen (73.09% at N), 

oxygen (62.23% at O) atoms, however the C–S bond orbitals are 

polarized towards the sulphur atom (85.09% at S). The electron 

density distribution (occupancy) about the NH3 group mainly affects 

the polarity of the compound. Consequently, they consist with the 

maximum electron density on the oxygen, nitrogen and sulphur atom 

and responsible for polarity of the molecule. 

4.5. Static dipole moment (μ), mean polarizability (α0 ), 

anisotropy of polarizability (∆α) and first 

hyperpolarizability (β0) 

Non Linear Optical (NLO) phenomena have been widely studied 

over the last decades. Molecules showing large hyperpolarizabilities 

have a strong NLO potential and could be used, under conditions, for 

optoelectronics and a variety of optical devices. Theoretical 

determination of hyperpolarizability is moderately useful in 

understanding the relationship between the molecular structure and 

NLO properties. It helps in designing and synthesizing organic NLO 

materials. Computational calculation is used to measure 

hyperpolarizability as it is difficult to measure it directly. 

NLO parameters static dipole moment (μ), mean polarizability 

(α0), anisotropy of polarizability (∆α) and first hyperpolarizability 

(β0) are calculated using following equations59: 

μ =   μx
2 +  μy

2 + μz
2 

1 2 
 

α0 =  
1

3
 αxx + αyy + αzz  

∆α =  2−1 2   αxx − αyy  
2

+  αyy − αzz 
2

+  αzz − αxx  
2 

1 2 

 

β =   βx
2 +  βy

2 +  βz
2 

1 2 
 

where 

βx =  βxxx + βxyy + βxzz ,βy =  βyyy +  βyzz + βyxx ,βz

=  βzzz + βzxx + βzyy  

 

The values of μ, α0, ∆α and β0 of monomer and dimer of AT are 

listed in Table S3, ESI†. The components of α and β0 are reported in 

atomic units and the calculated values are converted into 

electrostatic units (For α: 1 a.u. = 0.1482×10−24 esu; for β0: 1 a.u. = 

8.639×10−33 esu). Organic NLO materials have many advantages 

over inorganic materials, such as large nonlinear optical coefficients, 

simple preparation, greater ease for synthetic design and lower 

cost60-62.  Organic materials are frequently formed by weak van der 

Waals and hydrogen bonds and hence possess a high degree of 

de1ocalization. AT is an interesting material for NLO application as 

it contains a proton acceptor (deprotonated) carboxylic acid group 

(COO) and the proton donor amino group (NH3). The β0 values for 

monomer and dimer are calculated as 8.12345*10−30 and 

7.28859*10−30 esu. Here, para-nitoaniline (p-NA) is chosen as a 

reference molecule (for p-NA, β0 = 14.26*10−30 esu)63. Therefore, 

the calculated results show that the titled molecule might have good 

NLO response. 

4.6. Thermodynamic properties 

Enthalpy (H˚m), heat capacity (C˚p,m) and entropy (S˚m), all these 

thermodynamic properties, are important parameters in predicting 

reactive properties of chemical reactions. On the basis of statistical 

thermodynamics and vibrational analyses, these parameters were 

obtained for monomer (given in Table S4, ESI†). As observed from 

this table, the values of these parameters increase with the increase 

of temperature from 100 K to 500 K which is attributed to the 

enhancement of molecular vibration while the temperature increases. 

The correlation between these thermodynamic properties and 

temperatures are shown in Fig. 6. The correlation equations for 

monomer of AT are as follows: 

H˚m= Y = 261.41787 + 0.02497 T + 1.4436 x 10−4 T2  (R2 = .99995) 

S˚m= Y = 12.65204 + 0.38447 T − 1.6366 x 10−4 T2   (R2 = 0.99989) 

C˚p,m= Y = 66.00334 + 0.50456 T −1.88983 x 10−4 T2  (R2 = .99993) 

 
Fig. 6 Correlation graphics of thermodynamic properties and 

temperature for monomer of AT. 
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All these correlation equations might be used for the advance 

studies on the title compound. As, when the interaction of AT with 

another compound is studied, these thermodynamic properties might 

be obtained from these equations. These equations can be used to 

determine the change in Gibbs free energy of the reaction, which 

will consecutively help to judge the spontaneity of the reaction.Zero-

point energies, entropies (S), heat capacities (C), enthalpies (H), 

Gibbs free energies (G), all these thermodynamic parameters at room 

temperature (298.15 K) for monomer and dimer of AT are presented 

in Table S5, ESI†. 

The calculated enthalpy (H), Gibbs free energy (G), entropy (S), 

their change and equilibrium constant (Keq) of conversion from 

monomer to dimer at 25 ˚C are listed in Table 4. The reaction has 

negative values for ΔH, and ΔG specifying that the reaction is 

exothermic and spontaneous at room temperature. Thermodynamic 

relation between ΔG and Keq at temperature (T) is given as Keq = 

e−ΔG/RT. Using this relation, Keq for the reaction is calculated as 

1.32*109 at room temperature. This specifies that the dimer 

formation will be preferred at room temperature.  

Table 4 The thermodynamic quantities (enthalpy, Gibbs free energy, entropy), their change and equilibrium constant of conversion from 

monomer to dimer. 

Parameters 
Enthalpy (H) 

(kcal/mol) 

Gibbs free energy 

(G) (kcal/mol) 

Entropy (S) 

(cal/mol K) 
ΔH (kcal/mol) ΔG (kcal/mol) ΔS (cal/mol K) Keq 

2xMonomer −2150790.52 −2150909.75 398.672 
−43.92 −12.55 −44.914 1.32*109 

Dimer −2150834.45 −2150922.30 353.758 

4.7. Atoms in molecules (AIM) calculations 

In order to have an insight into a region of a system, QTAIM 

method has been applied. Geometrical and topological parameters 

are very helpful means to illustrate the strength of hydrogen bond. 

The point on the bond path with the lowest value of the electron 

density (minimum along the path) is the bond critical point (BCP). 

The geometrical conditions for the occurrence of hydrogen bond are 

based on: (i) the distance between proton (H) and acceptor (A) is less 

than the sum of their van der Waal’s radii. (ii) The ‘donor (D)–

proton (H)∙∙∙∙acceptor (A)’ angle is greater than 90.̊ (iii) The 

elongation of ‘D–H’ bond length is observed. 

As the above conditions are recurrently considered as 

inadequate, the existence of hydrogen bond could be supported 

further by Koch and Popelier criteria64 based on ‘Atoms in 

Molecules’ theory (i) The existence of bond critical point for the 

‘H∙∙∙∙A’ contact as a confirmation of the existence of hydrogen 

bonding / interaction (ii) The value of electron density (ρH∙∙∙∙A) should 

 

  

be within the range 0.0020–0.0400 a.u. (iii) The corresponding 

Laplacian (2ρBCP) should be within the range 0.024–0.139 a.u. if 

hydrogen bond exist. According to Rozas et al.65 the H-bond 

interactions may be classified as follows: (i) Strong H bonds are 

categorized by (2ρBCP) < 0 and HBCP < 0 and their covalent 

character is established, (ii) Medium H-bonds are categorized by 

(2ρBCP) > 0 and HBCP < 0 and their partially covalent character is 

established and (iii) Weak H-bonds are categorized by (2ρBCP) > 0 

and HBCP > 0 and they are mostly electrostatic in nature and the 

distance between interacting atoms is less than the sum of their van 

der Waal’s radii.  

2ρ(r BCP) is related to the energy of bond interaction by the 

expression of the virial theorem.  

1/4 2ρ(r BCP) = 2G(r BCP) + Vρ(r BCP) = H(r BCP) 

where G(rBCP) is the kinetic energy density, ρ(rBCP) the electron 

density, H(rBCP) the total electron density and V(rBCP) potential 

energy density at bond critical point (BCP). 

Table 5 Geometrical parameter (bond length) and topological parameters for bonds of interacting atoms of dimer: electron density (ρBCP), 

Laplacian of electron density (2ρBCP), electron kinetic energy density (GBCP), electron potential energy density (VBCP), total electron energy 

density (HBCP) at bond critical point (BCP) and estimated interaction energy (Eint). 

Interactions Bond length (Å) ρBCP  (a.u.) 2ρBCP (a.u.) GBCP (a.u.) VBCP (a.u.) HBCP (a.u.) Eint (kcal/mol) 

O4∙∙∙∙H84 1.45584 0.08646 0.13642 −0.03095 −0.09600 −0.12695 −30.12048 

O50∙∙∙∙H29 1.64932 0.05223 0.14184 −0.00743 −0.05031 −0.05774 −15.78188 

O56∙∙∙∙H103 1.71339 0.04131 0.13701 −0.00198 −0.03822 −0.04020 −11.99172 

O47∙∙∙∙H46 1.78743 0.03679 0.11862 −0.00090 −0.03145 −0.03235 −9.85879 

O2∙∙∙∙H51 1.79480 0.03329 0.11998 −0.00074 −0.02851 −0.02925 −8.94202 

O100∙∙∙∙H99 1.80834 0.03305 0.11779 −0.00073 −0.02799 −0.02799 −8.77886 

O97∙∙∙∙H95 1.85386 0.03282 0.10459 −0.00013 −0.02588 −0.02601 −8.11998 

O44∙∙∙∙H42 1.87066 0.03202 0.10210 −0.00027 −0.02498 −0.02525 −7.83760 

O54∙∙∙∙H102 1.84473 0.03052 0.10996 −0.00127 −0.02494 −0.02621 −7.82505 

O59∙∙∙∙H52 1.89351 0.02668 0.10275 −0.00197 −0.02174 −0.02371 −6.82104 

O54∙∙∙∙H48 1.88965 0.02748 0.09849 −0.00156 −0.02151 −0.02307 −6.74573 

O50∙∙∙∙H49 2.06313 0.01969 0.06715 −0.00171 −0.01337 −0.01508 −4.19177 

O47∙∙∙∙H82 2.11576 0.01839 0.06026 −0.00165 −0.01176 −0.01341 −3.68976 

O2∙∙∙∙H83 2.11771 0.01754 0.06370 −0.00215 −0.01163 −0.01378 −3.64583 

O3∙∙∙∙H37 2.49185 0.01201 0.04322 −0.00145 −0.00791 −0.00936 −2.47866 

O44∙∙∙∙H28 2.33303 0.01217 0.04189 −0.00151 −0.00745 −0.00745 −2.33434 

S55∙∙∙∙H98 2.57355 0.01441 0.03743 −0.00106 −0.00723 −0.00829 −2.26531 

O5∙∙∙∙H35 2.55309 0.00958 0.03200 −0.00101 −0.00597 −0.00698 −1.86998 

O97∙∙∙∙H81 2.48948 0.00917 0.03048 −0.00104 −0.00553 −0.00657 −1.73193 

O59∙∙∙∙H88 2.65897 0.00814 0.02845 −0.00099 −0.00513 −0.00612 −1.60643 
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The molecular graph of monomer and dimer of AT using AIM 

program at B3LYP/6–311++G(d,p) level is shown in Fig. S3, ESI† 

and Fig. 7. Topological, geometrical and energy parameters for 

intermolecular hydrogen bonds of interacting atoms are listed in 

Table 5. The geometrical parameters for hydrogen bonds in dimeric 

model of AT are given in Table S6, ESI†. On the basis of these 

parameters, O47∙∙∙∙H46, O44∙∙∙∙H42 and O50∙∙∙∙H49, O44∙∙∙∙H28, 

O5∙∙∙∙H35, S1∙∙∙∙H45, O4∙∙∙∙H40, etc. all are medium hydrogen 

bonds. In this article, the QTAIM theory is used to estimate 

hydrogen bond energy (E). The proportionality between E and VBCP 

at H···O contact is E = 1/2(VBCP)66. The calculated interaction 

energy at BCP indicates that three inter molecular H-bonding 

O4∙∙∙∙H84, O50∙∙∙∙H29 and O56∙∙∙∙H103 are strong however, 

O47∙∙∙∙H46, O2∙∙∙∙H51, O100∙∙∙∙H99, O97∙∙∙∙H95, O44∙∙∙∙H42, 

O54∙∙∙∙H102, O59∙∙∙∙H52, O54∙∙∙∙H48 and O50∙∙∙∙H49 are moderate in 

nature, whereas rests are weaker interactions.  

 

 
Fig. 7 Molecular graph of dimer of AT: bond critical points (small 

red spheres), ring critical points (small yellow sphere), bond paths 

(pink lines).  

4.8. Vibrational assignments 

The AT comprises of 52 atoms, which has 150 (3n−6) 

vibrational degrees of freedom and dimer of AT have 306 degrees of 

freedom. No special symmetry was found in the molecular 

conformation obtained from the crystalline structure, as well as 

yielded by geometry optimization. All the 150 fundamental 

vibrations are both IR and Raman active. 

DFT calculations yield Raman scattering amplitudes which 

cannot be taken directly to be the Raman intensities. The Raman 

scattering cross-sections, ∂σj/∂Ω, which are proportional to the 

Raman intensities may be calculated from the Raman scattering 

amplitude and predicted wavenumbers for each normal modes using 

the relationship67,68: 

∂σj

∂Ω
=   

24π4

45
  

 𝜈0 − 𝜈𝑗  
4

1− exp  
−ℎ𝑐𝜈𝑗

𝑘𝑇
 
  

ℎ

8𝜋2𝑐𝜈𝑗
 Sj  

where Sj and σj are the scattering activities and the predicted 

frequencies (in cm−1), respectively of the jth normal mode, ν0 is the 

Raman exciting frequency (in cm−1), and h, c and k are universal 

constants.  

The scaled IR and Raman intensities and wavenumbers were 

computed with Lorentzian line shape (FWHM = 8 cm−1). 

Assignments are made on the basis of relative intensities, energies, 

line shape and PED.  PED values less than 5% have not been 

incorporated in the Table S7, ESI†. Fig. 8 and Fig. 9 present a 

comparison of the experimental and theoretically predicted infrared 

spectra in the 600–3750 cm−1 region and the corresponding Raman 

spectra in the 100–3750 cm−1 region, for monomer, dimer, 

respectively. A reasonable agreement has been obtained in the 

frequencies and intensities of the observed and theoretical spectra. 

4.9. Vibrational wavenumbers 

The absolute Raman scattering and infrared absorption 

intensities associated with each normal mode, were calculated in the 

harmonic approximation at the same level of theory as used for the 

optimized geometries. It is to be noted that the DFT vibrational 

wavenumbers are known to be higher than the experimental 

wavenumbers; they were scaled down by the wave number linear 

scaling procedure (WLS)69 by using the relation: 

υobs = (1.0087−0.0000163υcal) υcal cm−1 

The calculated values of the Raman and IR wavenumbers and 

intensities of vibrational bands and PED of the AT and predicted 

modes for the dimer, together with the observed frequencies are 

tabulated in Table S7. 

4.9.1. C–NH3 group vibrations 

The symmetric and asymmetric stretching modes of NH3 group 

for monomer are calculated to be 3233 and 3345 cm−1, respectively 

corresponding to the observed IR peaks at 3207 cm−1 and 3367 cm−1. 

The same symmetric and asymmetric modes in dimer are predicted 

at 3186 and 3247 cm−1, respectively. In monomer as well as dimer 

one of the hydrogen atoms of NH3 group (H29) is hydrogen bonded 

with oxygen atom (O50) of water molecule. The stretching mode of 

N–H29 bond in dimer leads to an 87 cm−1 downshift corresponding 

to a small increase in N –H bond length of 0.008 Å. The N–H29 

stretching mode is observed at 2754/2742 cm−1 in the Raman/IR 

spectra respectively. 

4.9.2. Benzene ring vibrations 

The substituted benzene ring is abbreviated as R3. In literature, 

the aromatic C–H stretching vibrations, out-of-plane C–H bending 

and ring bending vibration in substituted benzene rings are reported 

in the region 3000–3100, 900–675, 600–420 cm−1, respectively70. In 

R3, the observed C–H stretching mode at 3039/3045 cm−1 in the 

IR/Raman corresponds to the calculated wavenumber at 3059/3056 

cm−1 in monomer/dimer.  

The organic compounds having aromatic hydrocarbons 

commonly exhibit multiple weak bands in the region 1600–1585 

cm−1 and 1500–1400 cm−1 due to C–C stretching vibrations70. The 

C–C stretching mode predicted at 1595 cm−1 corresponds to well 

define peaks at 1606 cm−1 in the IR spectrum and at 1594 cm−1 in the 

Raman spectrum. The C–H in-plane bending modes are observed at 

1334 and 1169 cm−1 in the IR spectrum, 1337 and 1177 cm−1 in the 

Raman spectra match well with the calculated modes at 1339 and 

1176 cm−1. IR bands at 1020, 989, 972 and 875 cm−1 and its 

counterpart at 1024, 993, 965 and 880 cm−1in the Raman spectrum 

are assigned to the out-of-plane bending of CH group. These modes 

are calculated at 1014, 994, 960 and 863 cm−1.  
4.9.3. Ring 2 vibrations 

The stretching mode of β-lactam ring R2 [υ(CH)] calculated at 

wavenumber 2997 cm−1 in monomer as well as dimer corresponds to 
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the observed band at 2996/2991 cm−1 in the Raman/IR spectrum. 

Oxygen atom of C=O group is hydrogen bonded with hydrogen 

atom (H51) of water molecule in both monomer and dimer. The 

computed C=O stretch mode in monomer at 1729 cm−1 show a blue 

shift in dimer and occurs at 1745 cm−1. A small decrease of 0.008 Å 

in the bond length of C=O occurs because of this upshift in 

wavenumber from monomer to dimer.  A very strong band in IR and 

weak band in Raman spectrum at 1572 and 1594 cm−1 are assigned 

to NH rocking mode. The theoretical computed wavenumber for this 

mode is at 1579 cm−1 for both monomer and dimer. The stretching 

mode of CN bond is calculated to be 1403 cm−1 and assigned to the 

peak at 1405/1402 cm−1 in the Raman/IR spectrum. 

 

Fig. 8 Observed and calculated (scaled) FT-IR absorbance spectra of AT in the region, 600–1850 cm−1 and 2550–3750 cm−1. 

 
Fig. 9 Observed and calculated (scaled) Raman scattering spectra of AT in the region, 100–2050 cm−1 and 2620–3750 cm−1. 

 

4.9.4. Ring 1 vibrations 

The C–H stretching modes of thiazolidine ring are calculated at 

2944 and 2974 cm−1 corresponding to a weak IR band at 2929 cm−1 

and strong Raman bands at 2939 and 2976 cm−1. The CCH wagging 

motions are calculated to be at 1348 cm−1corresponding to the 

observed strong IR band at 1361 cm−1. The CCH deformation is 

computed at 1243 cm−1 and occurs at 1263/1252 cm−1 in the 

recorded IR/Raman spectrum. The C–C stretching modes are 

calculated to be 951/843 cm−1 corresponding to the observed strong 

Raman band 955/841 cm−1 and IR peak at 951/843 cm−1. Ring 

deformation and CC rocking motions are calculated to be 512/379 

cm−1 and matches well with the experimental values. 

The asymmetric and symmetric stretching modes of CO2 group 

attached to R1 are calculated to be 1703 and 1295 cm−1 respectively. 

Asymmetrical and symmetric stretching of this group appears at 

1691 and 1298 cm−1 in Raman spectra and at 1685 and 1306 cm−1 in 

the IR spectrum. 

4.9.5. C–CH3 group vibrations 

The monomer of AT possesses two methyl groups, the 

symmetric and asymmetric stretching of the C14H3 group occurs at 
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2935/2929 cm−1 and at 2985/2991 cm−1 in the Raman/IR spectrum, 

respectively and these modes are calculated to be 2916 and 2987 

cm−1. Similarly the symmetric and asymmetric C–H stretching 

vibrations of the C15H3 group are calculated at 2900 and 2970 cm−1 

respectively which is in good agreement with the observed band at 

2907 cm−1 in the Raman spectra and 2970/2971 cm−1 in the 

IR/Raman spectra. Mixed asymmetric deformation mode is 

calculated to be 1452, 1468, 1473 and 1487 cm−1 with contributions 

from C14H3 and C15H3 groups appear at 1438/1458 cm−1 and 

1466/1493 cm−1 in Raman/IR spectrum. Symmetric deformation 

mode of C14H3 group is assigned to the IR peak at 1402 and Raman 

peak at 1405 cm−1 respectively and is calculated at 1403 cm−1. It is a 

mixed mode containing the contribution from C–N stretching. The 

symmetric C15H3 deformation vibration is calculated to be 1376 

cm−1 and matches well with the IR and Raman wavenumbers. It is 

also a mixed mode containing the contribution from C14H3 

deformation.  

4.9.6. Amide group vibrations 

In the FT-IR spectrum of AT, the N–H stretch is observed at 

3207 cm−1, whereas it is calculated as 3172 and 3139 cm−1 in 

monomer and dimer , respectively. This downshift in the 

wavenumber from monomer to dimer is attributed to the increase in 

the bond length of N –H from monomer to dimer by 0.002 Å due to 

strong intermolecular N–H∙∙∙∙O interaction in dimer. The broadening 

of the N–H peak occurs due to the overlapping of NH3 group peaks.  

The observed NH rocking mode at 1572 cm−1 in the IR spectra is in 

agreement with the calculated wavenumber at 1579 cm−1 in 

monomer as well as dimer. The observed N7–H wagging mode at 

737 cm−1 corresponds to the calculated wavenumber at 757 cm−1. 

The strong IR band observed at 1685 cm−1 and its Raman 

counterpart at 1691 cm−1 are assigned to the C=O stretching mode 

and calculated at 1701 and 1705 cm−1 in monomer and dimer. It is a 

mixed mode having contribution from C17–N stretching also.  

4.9.7. H2O vibrations 

In AT each ampicillin molecule is attached to three water 

molecules. Here most of the O–H bonds of water molecules are 

involved in hydrogen bonding. In the literature the free O–H 

stretching mode occurs in the range 3530–3645 cm−1 whereas the 

hydrogen bonded O–H mode is observed in the range 3200–3570 

cm−171. The computed O44–H46 stretch mode in monomer at 3560 

cm−1 shows a red shift in dimer and occurs at 3286 cm−1. This 

downshift in the wavenumber corresponds to an increase in O –H 

bond length , which is 0.977 Å in monomer and 0.983 Å in dimer . 

The O47∙∙∙∙H46–O44 hydrogen bond is strongest among all the H–

bonds as O44–H46 bond length turn out to be longest among all the 

O–H bonds in dimer. Similarly O47–H49 stretching mode also show 

a red shift where this stretching occurs at 3666 cm−1 in monomer and 

at 3492 cm−1 in dimer with a raise of bond length from monomer to 

dimer by 0.004 Å. In the observed FT-IR spectrum of AT (Fig. 8), 

the characteristic peak corresponding to the stretching mode of the 

OH group is identified at 3442 and 3506 cm−1. The stretching modes 

O–H of the second molecule in dimer are calculated at 3675, 3656 

and 3549 cm−1. The O–H wagging mode calculated at 786 cm−1 

corresponds to the observed band at 791 cm−1 in the IR spectra and 

at 783 cm−1 in the Raman spectra. 

5. Conclusions 

The structural and hydrogen bonding features are discussed 

combining spectroscopic, density functional theory (DFT) and 

quantum theory of atoms in molecules (QTAIM) results on 

monomer and dimer of ampicillin trihydrate (AT). Attempts have 

been made for the proper wavenumber assignments for the FT-IR 

and FT-Raman spectra. The vibrational bands observed in both these 

spectra were assigned and supported by theoretically calculated 

(scaled) DFT vibrational spectra. The optimized geometrical 

parameters of the dimer were compared with that of the monomer. 

The significant changes in bond lengths of the monomer upon 

dimerization were explained. The calculated OH stretching mode of 

H2O agrees better in dimer than in the monomer. Intermolecular 

hydrogen bonding between water molecules and N–H and C=O 

groups, and subsequent changes in vibrational wavenumbers and 

bond lengths of O–H group involved in hydrogen bonding were 

discussed. The nucleophilic and electrophilic sites on the molecular 

electrostatic potential surface were determined. HOMO–LUMO 

calculations were performed on the monomer and the dimer of AT. 

Parameters describing chemical reactivity of AT, in addition to 

HOMO–LUMO and MEP surfaces have been used to explain 

electronic properties. It has been theoretically established that AT is 

chemically more active than ampicillin (AMP), due to smaller 

HOMO–LUMO gap, less chemical hardness as well as enhanced 

hydrogen bonding properties. The natural bond orbital (NBO) result 

reflects the charge transfer in the molecule. The value of first 

hyperpolarizability (β0 = 8.12345*10−30 esu) shows that AT has 

potential to be used for non-linear optical (NLO) applications. 

QTAIM calculations suggest that the nature of the hydrogen bonds 

present in the title molecule is moderate due to (2ρBCP) > 0 and 

HBCP < 0. The present study may suggest that it can be possible to 

design a new series of drugs with suitable substitution with increased 

biological and chemical activity. 
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