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Abstract 

 2-Naphthol substituted Mannich base 1-morpholino(phenyl)methyl)naphthalen-2-ol 

(MPMN), a potential NLO active organic single crystal was developed using acetonitrile as a 

solvent by slow evaporation method.  The experimental and theoretical analysis made towards 

the exploitation in the field of electro-optic and NLO applications. The cubic structure with non-

centrosymmetric space group Cc was confirmed and cell dimensions of the grown crystal were 

obtained from single crystal X-ray diffraction (XRD) study. The formation of the C-N-C 

vibrational band at 1115 cm-1 in Fourier Transform Infra-Red (FTIR) analysis confirms the 

formation of MPMN compound.  The placement of protons and carbons of MPMN were 

identified from Nuclear Magnetic Resonance Spectroscopy (NMR) analysis. The wide optical 

absorption window and the lower cutoff wavelength of MPMN show the suitability of the 

material for the various laser related applications. The presence of dislocations and growth 

pattern of crystal were analyzed using chemical etching technique. The second harmonic 

generation (SHG) of MPMN was found to be 1.57 times greater than the standard KDP crystal. 

The laser damage threshold was measured by using Nd: YAG laser beam through the sample and 
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it was found to be 1.006 GW/cm2.  The electronic structure of the molecular system and the 

optical properties were also studied from quantum chemical calculations using Density 

Functional Theory (DFT) and reported for the first time. 

Keywords: Mannich Base, Molecular structure, Single crystal XRD, Density Functional Theory, 

Laser damage threshold. 
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1. Introduction 

 In the recent years, Non-Linear Optical (NLO) crystals have attracted the researchers due 

to their potential applications in high power laser for inertial confinement fusion research [1, 2], 

electro-optic switches, frequency conversion [3], color display and photonics including optical 

information processing [4-7]. To have strong second-order NLO properties, the compound must 

possess a large first-order molecular hyper polarizability (β), and also must crystallize in a 

noncentro symmetric structure to have nonzero second-order polarizability (χ2) [8]. It has been 

generally understood that, for a material to have useful and high efficient NLO properties, the 

constituting molecules must possess large molecular hyper polarizabilities, which are normally 

characterized by a highly extended π-conjugated electron donor–acceptor pairs at the ends [9]. 

Apart from the high nonlinear optical response, the NLO materials must also satisfy few other 

technological needs for practical applications such as wide optical transparency extending down 

to UV region, thermal stability, chemical stability and mechanical stability [8]. Comparing to 

inorganic materials, organic compounds are efficient materials to exhibit high NLO response 

which may be due to the presence of conjugated π electrons along with weak van der Waals 

interactions between the hydrogen bonds and available. These parameters are quite essential for 

most of their NLO properties [10]. The analyzes towards the device fabrication, organic NLO 

crystals are better than inorganic crystals due to their high conversion efficiency for second and 

higher order harmonic generation, good transparency in the visible region and high resistance 

offering for laser damage. Because of these properties, the organic materials can be applicable to 

many devices particularly optical storage devices and optical telecommunications. In addition, 

existing molecular flexibility is an added advantage to increase the nonlinearity of organic 

crystal in a desired manner [11, 12]. 
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 In recent trends, Mannich bases give much attention for the synthesis of various potential 

agents of high medicinal values like anti-inflammatory, anticancer, antibacterial, antifungal, 

anticonvulsant and various bio active molecular applications [13-16]. They also find a wide 

verity of commercial applications such as detergent additives, resins, polymers, surface active 

agents and corrosion inhibitors [17, 18]. Mannich reaction is a three component reaction in 

which a nonenolizable aldehyde, i.e. formaldehyde, a primary or secondary amine and an 

enolizable carbonyl compound react and give the end products known as Mannich bases. This 

reaction was developed by the Italian chemist Mario Betti in which the enolizable carbonyl 

compound is replaced by a molecule of β-naphthol or phenol. This is a useful method to 

synthesize aminoalkyl phenols or naphthols based compounds [19, 20]. Mannich bases possess 

short intramolecular hydrogen bond interaction between the hydroxyl group and the nitrogen of 

amine group which increases the NLO activity of the product molecule. 

 In order to search the theoretical and experimental uniformity, quantum chemical 

calculations were carried out with complete geometry optimizations of the molecule.  It is an 

excellent method in the designing of novel NLO molecules and support to predict some 

molecular properties such as dipole moment, polarizabilities and hyperpolarizabilities. Among 

several computational methods, Density Functional Theory (DFT) an efficient tool to provide 

great accuracy to calculate electronic structure of molecular systems and to reproduce the 

experimental values in dipole moments, chemical hardness, atomic charges, electron negativity, 

etc., [21, 22]. In the present investigation, the authors were concentrated and succeeded in the 

synthesis and single crystal growth of 2-naphthol substituted Mannich base from an active 

nitrogen compound with suitable secondary amine and an aromatic aldehyde for NLO 

application such as second harmonic generation. Slow evaporation technique was employed to 
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achieve optically good quality single crystals of the synthesized compound. The crystalline 

compound was confirmed by single crystal XRD, FTIR and NMR spectroscopic studies. The 

grown crystals were also characterized by optical, laser damage and quantum chemical 

calculations and reported for the first time.  

2.  Experimental procedure 

2.1. Material Synthesis and Growth 

 All the starting materials and solvent used for the synthesis of MPMN ligand were 

purchased from Merck chemical company and used without further purification. The ligand 

MPMN was synthesized successfully using the reactants 2-naphthol, morpholine and 

benzaldehyde by taking in the equal molar ratio (1:1:1). The active nitrogen compound 2-

naphthol (4.33 g, 0.03 M) was dissolved first in a small amount of ethanol and then it was mixed 

with secondary amine morpholine (2.7 ml, 0.03 M) by a continuous stirrer at room temperature 

until a clear solution was obtained. Thereafter benzaldehyde (3.0 ml, 0.03 M) was added slowly 

to this mixture with constant stirring. After 12 hours a brown colored salt was precipitated and it 

was washed with distilled water for several times and then dried in a hot air oven at 60 °C.  The 

scheme of reaction is as shown in Figure 1. The separated synthesized material was dissolved in 

the various solvent to obtain the defect-free good quality single crystal. Among the various 

solvents, acetonitrile was selected as a better solvent to grow the optically good quality single 

crystal. The separated synthesized material was recrystallized from acetonitrile by the slow 

evaporation method and a single crystal of dimension 10 x 5 x 2 mm3 was obtained in a period of 

20 - 25 days. Figure 2 shows the photograph of an as-grown single crystal of MPMN. 
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2.2. Characterization 

 The crystallographic data of MPMN were collected at 293 K by an ENRAF NONIUS 

CAD4 –MV31 single crystal X-ray diffractometer [λ (Mo Kα) = 0.71073Å]. The powdered 

specimen of MPMN single crystal was subjected to FTIR analysis by using PERKIN 

ELMER/SPECTRUM 2- Fourier Infrared Spectrometer and various functional groups are 

identified.  The 1H NMR and 13C NMR data of MPMN were recorded in DMSO-d6 using 

BRUKER AVANCE III 500 MHz (AV 500) multi nuclei solution NMR Spectrometer. The UV- 

Visible spectrum of the compound was recorded by using UV/VISIBLE/ 

SPECTROPHOTOMETER - (LAMBDA35 PERKIN ELMER) in the wavelength range between 

190 and 1100 nm.  The chemical etched pattern of grown crystal of MPMN was examined by 

EUROMAX optical microscope under transmission mode. The non-linear optical property such 

as Second Harmonic Generation (SHG) was examined by the Kurtz and Perry powder technique 

[23]. The intensity of Nd: YAG laser was measured in order to measure the laser damage 

threshold of MPMN single crystal along (110) plane. The quantum chemical calculations of 

MPMN were carried out using the Gaussian 09 program package [24] with familiar DFT using 

Becke’s three-parameter hybrid method with the Lee, Yang and Parr correlation functional 

methods (DFT-B3LYP) at the level of POPLE basis set 6-31G (d, p).  For DFT calculations the 

structure of MPMN molecule was optimized by feeding its experimental Crystallographic 

Information File (CIF) and all other calculations were computed by the optimized structure of 

MPMN. 
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3. Results and discussion 

3.1. Single crystal X-ray diffraction study  

 Single crystal X-ray diffraction is one of the most powerful techniques of unambiguously 

determines the complete three-dimensional structures of crystals. It is employed for finding unit 

cell parameters, space groups, and three-dimensional coordinates of atoms and molecules in the 

unit cell [25]. X-ray crystallography has emerged as the main source of the information on the 

solids and molecular structure of the compound. The single crystal of MPMN with dimensions 

0.35 x 0.35 x 0.30 mm3 was chosen for X-ray diffraction study. The structure of MPMN was 

solved by the direct method using SHELXS-97 [26] and refined by the full-matrix least squares 

methods on F2 using SHELXL-97 [27]. The molecular structure with atom numbering scheme of 

MPMN at 50 % thermal displacement ellipsoid and optimized geometrical structure is shown in 

Figure 3. The calculated unit cell parameters are a = 10.6592Å, b = 18.9868Å, c = 16.7475Å, α = 

90 °, β = 101.087 °, γ = 90 °. The unit cell volume is found to be 3326.2 Å3. The obtained lattice 

parameters are in good agreement with the reported values [28]. From the single crystal XRD 

studies, it has been found that the compound molecule crystallizes in a monoclinic crystal system 

with non-centrosymmetric space group Cc. The other crystallographic information and structure 

refinement for MPMN is provided in Table 1. 

 There are two independent molecules (A & B) in the asymmetric unit of the crystallized 

compound MPMN. The molecular structures of the asymmetric parts of the MPMN are stabilized 

through two classical intramolecular O—H...N interactions [43O-45H...42N from A, 43O-

45H...42N from B]. Whereas, due to the lack of suitable donor and acceptor atoms for classical 

intermolecular hydrogen bonds, the crystal packing is stabilized through intermolecular C—H...O 

interactions. These C—H...O interactions lead to primary chain motifs, which are further 
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connected and form chain motifs around inversion centers of the unit cell [29]. Hydrogen bonding 

geometries are given in Table 2. Two interactions of 4C-5H...44O (i) and 7C-8H...44O (i) from A 

leads to two chain C(10) motifs extending along b-axis of the unit cell and a ring R2
1(6) motif 

(Figure 4). Further, 4C-5H...44O (i) and 9C-10H...43O (ii) interactions from B lead to two chain 

C(8) and C(10) motifs extending along a- and b-axes of the unit cell, respectively.  Further, these 

two primary chain motifs are intersected leading to secondary ring R6
6(46) motif (Figure 5). 

Another chain C(10) motif extending along ab-plane of the crystal is observed through 24C-

25H...44O (iii) interaction from B. This chain C(10) motif and a chain along the a-axis C(8) motif 

[4C-5H...44O (i)] from B are overlapped and form a ring R4
4(32) motif (Figure 6). These 

secondary ring motifs are stabilizing the crystal structure in a greater extent. 

 The six member ring of morpholine moiety in MPMN adopts a chair conformation with the 

evident of ring puckering parameters [30] (Q = 0.576 (2) Å; θ = 180.00 (19) ° and ф = 2 (5) °) and 

q2 = 0.0240 (19) Å; q3 = -0.577 (2) Å). It can also be described by the cyclic torsion angles 30C-

33C-44O-36C = 57.8 (2) °, 36C-39C-42N-30C = -57.8 (2) °, 33C-30C-42N-39C = 58.1(2) °, 39C-

36C-44O-33C = -57.9 (2) °, 42N-30C-33C-44O = -59.2 (5) ° and 44O-36C-39C-42N = 59.4 (2) °. 

Each atom in six member ring of morpholine moiety are deviated from the mean plane of MPMN, 

viz., 42N = 0.248 (16) Å, 30C = -0.242 (2) Å, 33C = 0.228 (2) Å, 44O = -0.221 (17) Å, 36C = 

0.229 (2) Å, 39C = -0.243 (2) Å which ensures the chair confirmation [31]. 

 The selected bond lengths, bond angles and torsion angles for MPMN are listed in Table 3. 

As can be seen from the Table the bond lengths and bond angles are extremely closed and slightly 

longer than the experimental values. The torsion angle for 16C-17C-42N-39C is experimentally 

observed as 172.83 (15) ° and 67.03 (17) ° from A and B whereas, the theoretical computation 

shows this value as 67.036 ° for lower energy conformation of the molecule. The conformation of 
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the morpholine moiety shows large value for its conformation angle for lower energy confinement. 

The dihedral angles between phenyl and naphthyl ring moieties obtained as 15C-16C-17C-19C = 

85.42 (19) °, 1C-16C-17C-19C = -88.43 (19) ° from B and  15C-16C-17C-19C = -87.40 (19) °, 

1C-16C-17C-19C = 89.5 (2) ° from A which are nearly equal to the reported values [28] such as 

11C-17C-10C-9C = 85.6 (2) °, 11C-17C-10C-1C = -88.9 (2) ° and 19C-18C-34C-28C = -87.8 (2) 

°, 23C-18C-34C-28C = 89.8 (3) °. The differences between the experimental and calculated 

geometrical parameters can be attributed due to the fact that the theoretical calculations were 

carried out with isolated molecules in the gaseous phase while the experimental values were based 

on the molecules in the solid state are different in nature. The crystallographic data (CIF) for the 

molecule compound structure reported in this paper have been deposited in the Cambridge 

Crystallographic Data Centre as supplementary material number CCDC 1029398. 

3.2. FT-IR analysis 

 FT-IR spectrum of MPMN recorded in KBr medium in the spectral range (4000-400  

cm-1) which exhibited a number of bands as shown in Figure 7. The compound shows a number 

of IR absorption bands and the absorption frequencies are in a slightly shifted position in 

comparison with those of the reactants, 2-naphthol, and morpholine. A broadband observed at 

3404 cm-1 is assigned to the νO-H stretching vibration. The aromatic stretching νCH occurs at 3058 

cm-1. 

 The absorption band due to asymmetric and symmetric stretching vibration of alicyclic 

νCH2 occurs at 2966 and 2842 cm-1. The νC=C stretching vibration occurs at 1598 and 1470 cm-1. 

The δOH in-plane bending and νring + δCH vibrations appear at 1236, 1414 and 1454 cm-1 

respectively. A small and sharp absorption band observed around 747 cm-1 may be due to phenyl 

ring out of plane bending vibration. The νC-N-C and νC-O-C stretching vibrations occur at 1157, 
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1143 and 1093 cm-1. The absorption band due to the newly formed C-N-C appears at 1115 cm-1 

which favorably indicates the substitution on 2-naphthol and morpholine and the formation of a 

new compound. The FT-IR data was also obtained theoretically by GAUSSIAN using frequency 

command and it is shown all vibrational modes observed as real with positive frequencies. The 

data is given as supplementary information. 

3.3 1H NMR, 13C NMR – analysis 

 The 1H NMR data for the compound MPMN in DMSO-d6 is shown in Figure 8. The 

multiplet observed at δ 7.204 – 7.303 ppm is attributed to the protons of the phenyl ring. The O-

CH2 and N-CH2 proton of morpholine observed as two triplets at δ 3.564 and 2.499 ppm 

respectively. The CH protons of the naphthyl ring appear as a doublet and multiplet at 7.102 and 

7.619-7.749 ppm respectively. The OH proton appears as a singlet 13.181 ppm, whereas the 

methane CH proton appears at 5.360 ppm. The signal of the methine CH proton indicates the 

formation of a new compound. 

 The 13C NMR spectrum of the compound MPMN was recorded in DMSO-d6 and is 

shown in Figure 9. The 13C NMR data for the title compound in DMSO-d6 shows the chemical 

shifts of phenyl ring carbons 1’, 2’ & 6’, 3’ & 5’and 4’ appears at δ 139.837, 128.727, 229.789 

and 129.212 ppm respectively. The signals observed at δ 52.423 and δ 66.566 ppm is due to the 

N-CH2 and O-CH2 carbons of morpholine. The signal for the naphthyl carbons 1’- 10’ appears at 

δ 109.120, 154.903, 116.167, 128.341, 127.992, 122.003, 126.583, 123.001, 132.503 and 

129.094 ppm respectively. The signal for the newly formed CH carbon occurs at δ 70.390 ppm, 

which imitates the formation of a new compound. The 13C NMR signals of the compound and 

the various assignments to the different carbon atoms are in good agreement with the 1H NMR 

data. 
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3.4. UV-Vis-NIR studies  

 A good optical transmittance is a very desirable property for an NLO crystal [32]. A well 

polished and transparent single crystal of MPMN with 2 mm thickness was used for the UV-vis 

absorption studies. The plot of absorbance versus wavelength with inset of Tauc’s plot is shown 

in Figure 10. There is no absorption peak observed between 360 and 1100 nm, the lower cutoff 

wavelength is observed at 228.09 nm and 354.02 nm for MPMN and the lower percentage of 

absorption indicates that the crystal readily allows the transmission of the laser beam in the range 

between 360 nm and 1100 nm. The optical absorption bands at 228.09 nm and 354.02 nm can be 

assigned to π to π* and n to π* electronic transitions of aromatic groups of MPMN. From the 

observations, it is understood that the grown crystal has a good transparency in UV, visible, and 

near-IR region indicating that it can be used for various NLO applications [33]. The Tauc’s plot 

[34] was drawn between the photon energy (hυ) and (αhν)2 and used to estimate the energy band 

gap of the crystalline material.  It was determined by extrapolating the straight line portion of the 

curve to (αhν)2 = 0. From the plot, the optical energy band gap of MPMN is estimated as 3.3 eV.  

3.5. Etching  

 The nonlinear optical efficiency of a crystal mainly depends on the quality of the grown 

crystal. The presence of impurities and dislocations during growth may affect the quality of the 

grown crystal. The chemical etching is a significant method for revealing the crystal defects that 

are affected by such as chemical homogeneity, electron mobility, light absorption, refractive 

index and stress [35]. It can able to develop some feature such flat-bottomed pits, etch hillocks, 

and etch spirals on the surface of the crystal. The etch pits are developed due to chemical attack 

of the etchants at the strain field surrounding the dislocation line. The shape, size, and orientation 

of the pits can be related to the crystal symmetry [36]. In the present study grown MPMN single 
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crystal was fully immersed in ethanol etchant for 20 and 40 seconds at room temperature. The 

etched surfaces were dried gently by pressing them between filter papers and immediately 

examined the microstructure surface using computerized optical microscope by transmission 

mode. The microphotographs of the crystal plane (110) before and after etching is shown in 

Figure 11. From the Figure, the rectangular etch pits were observed at the site of dislocations in 

20 seconds. The etching time increases by 40 seconds, the size of the etch pits were also 

increased which confirms that the size of the etch pattern increases with increase in etching time. 

The etch pits density was calculated as 786 cm-2 from etch pattern formed at 40 seconds after 

etching. There is no change was found in the size of etch pits over 40 seconds, which suggest 

that the etch pits are due to dislocations. 

3.6. NLO test 

 Kurtz and Perry powder technique represents the first real means of screening, 

experimentally large number of unknown materials for second order nonlinear optical activity 

[23]. In this technique, the grown crystalline compound was ground into a fine microcrystalline 

powder and was filled into a fine microcapillary tube of diameter 1.4 mm. The filled 

microcapillary tube was taken along the path of Nd: YAG laser operated at 1.9 mJ/pulse energy 

with the fundamental wavelength 1064 nm with 8 ns pulse width at a repetition rate of 10 Hz.  

The second harmonic radiation generated by the randomly oriented microcrystals was focused by 

a lens and detected by a photomultiplier tube and digitalizing oscilloscope assembly. The final 

output was displayed on a digital storage oscilloscope and the second harmonic signal generated 

was confirmed from the emission of bright green light of wavelength 532 nm from the powdered 

sample cell. The output second harmonic signal of 58 mV, 37 mV were obtained from MPMN, 
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standard inorganic KDP crystal powder. The conversion efficiency of MPMN sample is found to 

be 1.57 times greater than KDP from the observed result. 

3.7. Laser damage threshold 

 For NLO device applications, laser damage threshold plays a significant role. The usage 

of NLO crystal depends not only on the linear and nonlinear optical properties but also its ability 

to withstand for high power lasers [37]. Usually, organic crystal shows a very high damage 

threshold value compared to inorganic counterpart [38]. The laser damage threshold studies have 

been carried out for MPMN single crystal using a Q-switched Nd: YAG laser (λ = 1064 µm) of 

multishot with the pulse duration of 10 ns at a frequency rate of 10 HZ.  The lens with focal 

length of 35 cm was used to position the different sites in the laser beam. The laser beam of 1 

mm was focused on the polished face of the MPMN along (110) plane. The applied input energy 

of laser was increased gradually and at 79 mJ the cracks were developed on the surface of 

MPMN single crystal. The power density (Pd) was calculated using the formula,   

     Pd	= �
τ�                --- (1) 

 Where E is the input energy measured in millijoules, τ is the pulse width and A is the area 

of the circular spot.  The measured multiple shots surface damage threshold value is 1.006 

GW/cm2. The laser induced damage pattern of MPMN shows (Figure 12) cracks developed 

around the core of damage with small blobs. These damages are mainly due to the thermal 

effects such as heat induced by the absorption of the laser radiation, multiphoton ionization and 

thermal diffusivity of MPMN which was resulting in melting, solidification, and decomposition 

of the material [39]. 
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3.8. Quantum chemical calculation 

3.8.1 Non-Linear Optical Properties 

 The Quantum chemistry based calculation of non-linear optical properties of a molecule 

has a significant role for the design of materials in modern communication technology and 

optical signal processing [40]. It gives an important contribution to the understanding of the 

electronic polarization underlying the molecular NLO process and the structure-property 

relationship [41]. The quantum chemical calculations of polarizabilities and hyperpolarizabilities 

have become available through the strong theoretical basis for analyzing molecular interactions.  

They made the possible determination of the elements of these tensors from derivatives of the 

dipole moment with respect to finite field approach. DFT is an efficient method for providing a 

suitable theoretical framework and structure sensitive method for calculating molecular 

polarizabilities, dipole moment and electronic charge distribution extracted from the output of 

any standard electronic structure program. 

 The total static dipole moment (µ), the mean polarizability (α), the anisotropy 

polarizability (∆α) and first hyper polarization (β) using the components x, y, z are given below, 

Total static dipole moment            µ  =   �µx
2+ µy

2+µz 
2        --- (2) 

The mean polarizability                 α  = 				αxx+αyy+αzz		
�         --- (3) 

The anisotropy of polarizability ∆α   =   
	�
√	 
�αxx – αyy�2+�αyy – αzz�2+�αzz – αxx�2+6 α2

xx	  --- (4) 

 The first order hyperpolarizability is a third-rank tensor that can be described by a 3x3x3 

matrix.  Accordance with Kleinman symmetry the 27 components of the 3D matrix can be 

reduced to 10 components [42]. The complete equation for calculating the magnitude of the first 

order hyperpolarizability as follows, 
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                                           β  =  �(βxxx+βxyy+βxzz)
2 + (βyyy+βxxy+βyzz)

2 + (βzzz+βxxz+βyyz)
2   --- (5) 

 Since the values of the polarizability and hyperpolarizability of the GAUSSIAN 09 

output are reported in atomic units (a.u), the calculated values have been converted into 

electrostatic units (esu) (α: 1 a.u. = 0.1482 x 10-24 esu; β: 1 a.u. = 8.641 x 10-33 cm5 esu-1).  The 

calculated values of µ, α, ∆α and β for MPMN calculated were 1.6863 D, 23.9211x10-24 esu, 

73.0372 x 10-24 esu and   2.1191 x 10-30 cm5 esu-1 and compared with the prototypical molecule 

like urea.  Since urea is one of the prototypical molecules used in the study of NLO properties of 

molecular systems, it was used frequently as the threshold value for comparative purpose. The 

polarizability, anisotropy polarizability and first order hyperpolarizability of MPMN were 

observed 8.3966, 5.8759 and 5.2452 times greater than the urea molecule in the gas phase. 

3.8.2 Frontier molecular orbital (FMO) analysis 

 The HOMO and LUMO are often called as frontier molecular orbital. The frontier 

molecular orbital is mainly composed of π-atomic orbital so that an electron transition from the 

HOMO to the LUMO is mainly derived from π – π* electronic transition. The FMO analysis 

indicates that the transition of the electron from ground to first excited state and is mainly 

described by one electron excitation for the highest occupied molecular orbital (HOMO) to the 

lowest unoccupied orbital (LUMO). The molecular energies of HOMO and LUMO have been 

calculated as 5.3783 and – 0.9082 eV and the plots are given in Figure 13 respectively. The 

energy gap between HOMO and LUMO was found to be 4.4701 eV which indicates that the title 

compound having higher energy barrier for the transition of electrons from highly occupied 

molecular orbital to lowest unoccupied molecular orbital. The partaking of each fragment of 

MPMN and their HOMO and LUMO percentage is calculated using the QMForge software tool 

[43]. In MPMN, 92 % of HOMO and 85 % of LUMO are significantly contributed by the 
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naphthyl moiety (F-I), which implies the maximum electronic charge transfer takes place 

through the fragment molecule which is essential requirement to obtain the large second order 

NLO response. The difference between the theoretical and experimental values (UV-Vis-optical 

absorbance) of energy barrier is due to the isolated molecule of MPMN in a gas phase and the 

three-dimensional crystalline solid is different in nature. 

 Accordance with Koopman theorem [44], the chemical hardness (η), the electronic 

chemical potential (µ) and electrophilicity index (ω) of MPMN can be calculated as below. The 

chemical hardness is associated with the stability and reactivity of a chemical system. The 

smaller in energy gap implies soft molecules where large energy gap leads harder molecule. In a 

molecule, it measures the resistance to change in the electron distribution or charge transfer.  

Based on frontier molecular orbital, chemical hardness (η) corresponds to the gap between the 

HOMO and LUMO. 

     η = 
(ELUMO - EHOMO)

	        --- (6) 

Where ELUMO and EHOMO are the energies of LUMO and HOMO. The larger the HOMO-

LUMO energy gap, the harder and more stable/less reactive molecule.  

The electronic chemical potential is defined as the negative of electronegativity of a molecule 

which describes the escaping tendency of the electron from an equilibrium system.  It is 

determined as, 

     µ = 
(EHOMO + ELUMO)

	        --- (7) 

 Electrophilicity index measures the capacity of a species to accept electrons [45]. It is the 

measure of the stabilization in energy after a system accepts additional amount of electronic 

charge from the environment which is given as, 
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      ω=
 µ2

2η
         --- (8) 

The chemical hardness, electrochemical potential, and electrophilicity index of MPMN were 

obtained from FMO analysis are 2.2350, -3.1432 and 2.2102 eV. From the results, it could be 

observed that the title compound molecules possess good chemical hardness in nature [46].  

3.8.3 Molecular electrostatic potential 

 The total electrostatic effect or field produced at a point in space around a molecule due 

to net charge distribution electron and nuclei is termed as molecular electrostatic potential V(r) 

(MEP). It is expressed as below [47], 

                                            V(r) = ∑ ZA
⃓⃓RA	��⃓�  -� ���)��´

�´��                  --- (9) 

Where ZA is the charge on nucleus located at distance RA and ρ(r) is the electron density. The 

MEP is correlated with dipole moments, electronegativity and chemical reactivity of the 

molecule. It gives the visual inspection of the polarity of the molecule. The electrostatic potential 

region was taken between -1.366 × e-2 and 1.366 × e-2 and the map is shown in Figure 14.  The 

electrostatic potential surface of the molecule can be represented by different color grading. The 

red represents the most negative electrostatic potential region, whereas blue represents the most 

positive electrostatic potential region and green represent the region of zero potential. The 

negative electrostatic potential corresponds to an attraction of proton by the concentrated 

electron in the molecules which give the electrophilic attack or reactive sites of the molecular 

system. The positive electrostatic potential corresponding to the repulsion of the proton by 

atomic nuclei in the regions of low electron density excites which gives nucleophilic attack or 

reactive sites of the molecular system. These sites give the information about the region from 

where the compound can have intermolecular interaction. 
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3.8.4 Mulliken charge analysis 

 The total atomic charges of MPMN molecule obtained from Mulliken charge population 

by DFT method.  Atomic charges play a vital role in quantum chemistry and more research 

continues to being done to refine the concept of an atomic charge. Mulliken atomic charge 

populations give one of the simplest pictures of charge distribution and predict the net atomic 

charges in the molecule [48]. The charge distribution of all atoms in the investigated molecule is 

shown in Figure 15. Also from the Figure, it could be observed that the atomic charges of the 

molecule are ranging between 0.3441 and -0.6015. The highest value is observed at C1 and H45 

atom, where the lowest value is observed in N42, O43, and O44 atoms. Almost maximum 

hydrogen atoms exhibited positive charge, whereas the maximum of carbon and nitrogen atoms 

possess the negative charge. 

4. Conclusion 

 2-naphthol substituted Mannich base MPMN was synthesized and crystallized 

successfully using suitable acetonitrile solvent by slow evaporation method at room temperature. 

The single crystal XRD confirms that the MPMN crystallizes in monoclinic crystal system with 

the non-centrosymmetric space group Cc. The different vibrational modes of functional groups 

are presented in MPMN were confirmed by FTIR analysis. The 1H NMR and 13C NMR confirms 

the formation of a new compound by the observed signal of the methine CH proton at 5.360 ppm 

and the signal occurs at δ 70.390 ppm due to CH carbon. The UV-Vis absorption spectrum 

confirms, the lower cutoff wavelengths observed at 228.09 nm and 354.02 nm which ensures 

wider optical transparency range in entire visible and near infrared region. The chemical etching 

pattern formed by the suitable etchant revealed that MPMN single crystal has minimum 

dislocation sites during growth. The SHG response of MPMN crystal revealed that the efficiency 
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is 1.57 times greater than KDP which ensures the crystal can be suitable for NLO applications. 

The laser damage threshold of MPMN was found to be 1.006 GW/cm2. The quantum chemical 

studies revealed the favorable NLO response in the dipole moment, molecular polarizability, 

hyperpolarizability and chemical hardness of MPMN in the gas phase. 
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  Fig. 1. Reaction scheme for the synthesis of Mannich base MPMN 
 
 
  
 
 
 
 
 
 
 
 
 

     
 

  Fig. 2. Photograph of as grown single crystal of MPMN 
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Fig. 3. ORTEP diagram and optimised geometry of MPMN 
 

 
 

 
 
 
 
Fig. 4. Two chain C(10) motifs extending along b-axis of the unit cell and a ring R2

1(6) 
 motif of  MPMN 
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Fig. 5. Chain C(8) and C(10) motifs extending along a- and b-axes leads to secondary ring 
 R6

6(46) motif of MPMN 
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Fig.6. Primary chain C(8) and C(10) motifs overlapped leading to secondary ring R4

4(32) 
 motif  of MPMN 
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    Fig. 7. FT-IR spectrum of MPMN 
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   Fig. 8. 1H NMR spectrum of MPMN 

   
 
    Fig. 9. 13C NMR spectrum of MPMN 
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 Fig. 10. UV-Vis absorption spectrum along with Tauc’s plot of MPMN single crystal 
 
 
   
      
 
 

 
 
   Fig. 11. Etch patterns of MPMN before and after etching 
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   Fig. 12. Laser damage pattern of MPMN single crystal 
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   Fig. 13. HOMO and LUMO plot of MPMN  
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   Fig. 14. Electro Static Potential Map of MPMN  
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   Fig. 15. Mulliken’s charge distribution of MPMN  
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Table 1: Crystallographic data collection parameters for MPMN and its refinement 
 
 
CCDC                                                                               1029398 
Empirical formula                                                             C21 H21 NO2  
Formula weight                                                                 319.31 
Temperature                                                                      293(2) K 
Wavelength                                                                       0.71073 Å 
Crystal system, space group                                              Monoclinic, Cc 
Unit cell dimensions                                                          a = 10.6592 (5) Å   α = 90 °. 
                                                                                           b = 18.9868(8) Å    β = 101.087 °.  
                                                                                           c = 16.7475(9) Å    γ = 90 °. 
 Volume                                                                             3326.2 (3) Å3 
 Z, Calculated density                                                        8, 1.276 Mg/m3 
 Absorption coefficient                                                      0.082 mm-1 
 F (000)                                                                               1360 
 Crystal size                                                                       0.35 x 0.35 x 0.30 mm 
 Theta ranges for data collection                                        2.15 to 26.0 deg. 
 Limiting indices                                                                -12<=h<=13, -23<=k<=23, -20<=l<=20 
 Reflections collected / unique                                           19670 / 6433 [R (int) = 0.0239] 
 Completeness to theta                                                       = 26.0     100.0 % 
 Absorption correction                                                       Semi-empirical from equivalents 
 Max. and min. transmission                                              0.9799 and 0.9710 
 Refinement method                                                           Full-matrix least-squares on F2 
 Data / restraints / parameters                                            6433 / 4 / 441 
 Goodness-of-fit on F^2                                                     1.063 
 Final R indices [I>2 sigma (I)]                                         R1 = 0.0352, wR2 = 0.0716 
 R indices (all data)                                                            R1 = 0.0514, wR2 = 0.0805 
Absolute structure parameter                                             0.3 (8) 
 Largest diff. peak and hole                                               0.128 and -0.137 e. A^-3 
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Table 2: Hydrogen bonding geometry of MPMN [Å and °] from single crystal XRD 
 

D-H...A (Å,°°°°) d(D-H) d(H...A) d(D...A) <(DHA) 

43O-45H...42N a 0.880(2) 1.790(3) 2.602(3) 151(3) 

43O-45H...42N b 0.850(2) 1.800(3) 2.593(3) 153(4) 

4C-5H...44O(i)  a 0.930 2.661(2) 3.491(4) 149(2) 

7C-8H...44O(i) a 0.930 2.777(2) 3.579(4) 145(3) 

4C-5H...44O(i) b 0.930 2.676(2) 3.481(4) 145(2) 

9C-10H...43O(ii) b 0.930 2.625(2) 3.471(5) 151(2) 

24C-25H...44O(iii) b 0.930 2.758(2) 3.553(4) 143(2) 

 
Symmetry codes: (i) x+1/2,+y-1/2,+z; (ii) x,-y,+z-1/2;  (iii) x-1/2,+y-1/2,+z 
a  - Hydrogen bond interactions for A 
b  - Hydrogen bond interactions for B 
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Table 3: Comparison between selected optimized geometrical parameters and experimental 
crystallographic parameters of MPMN 
 

Bond 
length (Å) 

 

 
Calc. 

Exp.  
Bond angle (º) 

 
Calc. 

Exp. 

A B A B 

1C-2C 1.420 1.409 (3) 1.407 (3) 2C-1C-16C 121.18 121.32 (18) 121.57 (18) 
1C1-16C 1.395 1.372 (3) 1.377 (2) 2C-1C-43O 115.64 115.42 (17) 115.33 (17) 
1C-43O 1.358 1.361 (2) 1.359 (2) 16C-1C-43O 123.16 123.26 (16) 123.08 (17) 
2C-4C 1.368 1.340 (3) 1.346 (3) 1C-2C-4C 120.49 120.39 (19) 120.10 (2) 
4C-6C 1.420 1.401 (3) 1.404 (3) 6C-7C-9C 121.92 121.60 (2) 121.90 (2) 
6C-7C 1.418 1.402 (3) 1.410 (3) 2C-4C-6C 120.85 121.21 (18) 121.14 (19) 
6C-15C 1.437 1.425 (2) 1.416 (3) 22C-24C-26C 119.47 119.20 (2) 119.50 (2) 
7C-9C 1.376 1.351 (3) 1.340 (4) 1C-16C-15C 118.77 118.78 (16) 118.44 (16) 
9C-11C 1.412 1.401 (3) 1.392 (4) 20C-19C-28C 118.01 118.11(19) 118.01 (18) 
11C-13C 1.378 1.364 (3) 1.364 (3) 17C-42N-30C 114.06 113.58 (14) 114.58 (13) 
13C-15C 1.424 1.408 (3) 1.410 (3) 30C-42N-39C 108.77 107.64 (14) 107.47 (14) 
15C-16C 1.436 1.422 (2) 1.420 (2) 33C-30C-42N 109.69 110.09 (17) 109.71 (16) 
16C-17C 1.533 1.524 (2) 1.518 (2) 33C-44O-36C 110.51 109.51 (16) 109.54 (15) 
17C-19C 1.529 1.523 (2) 1.520 (2)     
17C-42N 1.500 1.488 (2) 1.496 (2)   Exp. 
19C-20C 1.403 1.379 (3) 1.376 (3) Torsion angle (º) Calc. A B 
19C-28C 1.399 1.375 (3) 1.380 (3) 16C-1C-2C-4C -0.13 0.40 (3) -0.20 (3) 
 20C-22C 1.393 1.380 (3) 1.375 (3) 43O-1C-2C-4C 179.82 -179.75 (18) 178.57 (19) 
22C-24C 1.397 1.370 (3) 1.360 (3) 2C-1C-16C-15C 0.71 0.20 (3)  -0.30 (3) 
24C-26C 1.393 1.372 (4) 1.378 (3) 43O-1C-16C-15C -179.23 -179.66 (16) -178.98 (17) 
26C-28C 1.396 1.374 (3) 1.378 (3) 44O-36C-39C-42N -58.16 -59.30 (2) -60.80 (2) 
30C-33C 1.526 1.495 (3) 1.501 (3) 11C-13C-15C-6C -0.84 1.70 (3) -0.80 (3) 
30C-42N 1.474 1.469 (2) 1.464 (2) 22C-24C-26C-28C -0.18 1.10 (4) -0.20 (3) 
33C-44O 1.419 1.415 (2) 1.414 (3) 42N-17C-19C-20C     -94.46 -99.30 (2)       -94.47 (19) 
36C-39C 1.525 1.502 (3) 1.499 (3) 43O-1C-16C-17C -2.22 3.40 (3) -5.00 (3) 
36C-44O 1.420 1.409 (3) 1.413 (3) 24C-26C-28C-19C 0.36 -1.70 (3) -0.80 (3) 
39C-42N 1.478 1.465 (2) 1.469 (2) 16C-17C-42N-39C 67.03 172.83 (15) 67.03 (17) 
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Table 4: Molecular polarizabilities and dipole moment of MPMN  
 

 
Dipole moment (Debye)             Polarizability (a.u)                      Hyper Polarizability (a.u) 
 
µx       0.3581                                 αxx          253.9083                          βXXX         -188.3211 
µy       1.2326                                 αyy        14.7938              βYYY            72.7952 
µz      -1.0937           αzz        215.5312              βZZZ           90.4603 
µ        1.6863         αxy        20.4715              βXYY            92.9026 
                     αxz        -29.9672              βXXY           -174.1053 
                     αyz           216.7523              βXXZ             58.3121 
          ∆α        73.0372 x 10-24 esu βXZZ          -6.8525 
          α          23.9211 x 10-24 esu           βYZZ           -72.8993 
                    βYYZ              -9.7147 
                                                              βXYZ          -5.0893 
                                                                                                            β                2.1191 x 10-30 cm5 esu-1 
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Highlights 

� Optically good quality bulk size organic single crystal was grown by slow evaporation 

technique 

� The laser damage threshold was found to be 1.006 GW/cm2. 

� The relationship between the molecular structure and the optical properties was studied 

by DFT and reported for the first time. 

� The results shows the suitability of the material for the electro-optic applications 


