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Abstract: 

 

Effect of complexant number on second hyperpolarizability of a series of  diffuse electron 

system comprising aziridine (complexant) and alkaline earth metal dopnat (i.e. Be, Mg and Ca) 

are explored theoretically. For this, the number of the complexant is increased upto three in a 

stepwise fashion. Aziridine unit, that is non-covalently linked with dopant, polarizes the ns 

electron of dopant. This polarizing effect results the higher second hyperpolarizability value of 

the complexes. . Compared to pristine aziridine moiety, the avg of Be-aziridine complex 

enhances significantly.Interestingly, with increase in the complexant number, the static and 

dynamic second hyperpolarizability value enhances in monotonical fashion and attains the 

maximum value when three complexant are employed. Among the studied systems, the 

shamrock-shaped complex (Ca@(aziridine)3)  exhibits higher non-linear refractive index as well 

as remarkably high second hyperpolarizability value(1.83x107 a.u.). 
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1. Introduction: 

Second hyperpolarizability responsive non-linear materials owing to their versatile range of 

applications in optical devices[1], ultrafast photonics[2-3] and non-linear optical switching [4] 

have enthused enormous attention across various disciplines and some of NLO(non-linear 

optical) responsive materilas have also been commercialized [5].Designing new kind of 

molecular system with high third order non-linear optical (NLO) coefficient is the subject of 

extensive research among theoreticians and experimentalists. 

Electride, the term coined by Dye[6], are fascinating species in the realm of non-linear optics. 

They possess anionic vacancies that are occupied by the trapped electrons. Trapped electrons 

provide magnetic stabilities and have a widespread spectrum of applications in the field of 

electron emitters,[7]optics,[8] catalysis[9] and so on.The presence of diffuse electrons in 

electride complexes can considerably enhance the NLO property of the system[10-13]. Finding 

of stable electride at room temperature[14] and their potential applications have evoked interest 

in them[15-16]. By far,few strategies[17-20] have been proposed to improve NLO response of 

the systems and one of the well-known molecular engineering methods is to introduce alkali 

metal in an organic moiety that eventually serves as complexant. Metal when doped wisely 

results in the generation of diffuse electrons around it. Doping alkali metal atoms in 

polyacetylene chains are stated to improve the second hyperpolarizability value significantly[21]. 

Diffuse electrons are generated when the alkali metal is doped at cage [22], cup [23], chain [24] 

like complexant.Nanomaterials like graphenes,[25] nanotubes[26]are also utilized as complexant 

with alkali dopant.The Li atom-doped inorganic electride having basket-shaped complexant, 

Li@B10H14 shows enhanced first hyperpolarizability[27]. These diffuse electrons systems are 

reported to exhibit higher NLO response. Infact, the usage of larger sized complexants were used 

to be quite prevalent. Along this line, recently smaller size complexant are also grabbing the 

attention owing to their flexible shape and binding patterns.The diffuse electrons system with 

organic complexant (M+@n6adz)M′- (where M, M'=Li, Na, K; n=2, 3)[28], 

Li+(NH3)4M(M=M=Li, Na, K)[29] (cage shaped) exhibits larger NLO response than the 

celebrated Li@calix[4]-pyrrole [30] complex having cup-shaped complexant. Interestingly, Jing 

et al. has noted that use of multiple NH3 as complexant over a single one increases the first 



hyperpolarizability [31], however, there is no such literature studies regarding the effect of 

complexant number on second hyperpolarizability.Owing to the flexibility of the smaller size 

complexant NH3, significantly higher  first hyperpolarizability of Li(NH3)4Na complex has been 

observed compared to the larger size Li@Calix[4]pyrrole-Na complex[31]. This fasicinating 

result points out that the smaller size complexant are potentially effective in enhancing the NLO 

responses.So, the choice of asuitable complexant is very important. The shape, size, flexibility 

and the number of the complexant along with the number of the coordination site available for 

complexing play a vital role while designing diffuse electron system. 

Organic materials due to lesser production cost, high photoelectric coefficients, easy 

processability [32] are often chosen as potential complexant. Organic material can function both 

as conjugated [33] and non-conjugated complexing agent [34]. Interestingly, most of the 

synthesized electrides based on organic systems are non-conjugated, for example azacryptands 

[35],crown ethers [36] etc. Meant for its flexibility in designing and smaller size,small organic 

system serves as good complexant and are capable of forming multiple clusters. 

Inspired by the aforementioned facts, we have chosen non-conjugated,synthetically available  

aziridine moiety as a complexing agent for the study. Aziridine, a small three-member 

heterocyclic ring have nitrogen atom and an acidic proton is attached to the nitrogen. Availability 

of lone pair on nitrogen makes aziridine a potential candidate as complexant. Experimentalists 

took a keen interest in aziridine owing to its wide range of pharmaceutical activity[37],utility in 

the heterocyclic synthesis[38], and so on. Regarding the choice of chemical dopant, the alkaline 

earth metal are chosen over the alkali metal. In the past few years, there have been exhausting 

use of alkali dopant[28,29,24] in diffuse electron system and undoubtedly, these systems exhibit 

enhanced first hyperpolarizability value. However lesser attention has been credited to alkaline 

earth metal as dopant. There are few complexes, like all metal systems or an inorganic electride 

like CuAg@Ca7M (M = Be, Mg and Ca), M(Ni@Pb12)M (M = Be, Mg and Ca), where alkaline 

earth metal dopant have been reported[39,40]  but, their use as a dopant with the organic 

complexant, has not been explored much in the literature.On the other hand, literature studies 

based on second hyperpolarizability responsive organic or organometallic materials are less 

explored in comparision to first hyperpolarizability responsive complexes. So, herein  we aimed 

to study the effect of aziridine based organometallic systems comprising aziridine molecule 

(complexant) and alkaline earth metal( Be, Mg and Ca), on the second hyperpolarizability. 



      Since the primary motivation of this work, is to study the effect of complexant number on 

NLO response, the number of complexants is increased in a very structured pattern and upto 

three units of complexants(aziridine) are considered. When the complexant number reaches upto 

three, they form a very symmetric petal like structure particularly with the higher mass dopant 

like Mg and Ca. The higher number aziridine cluster might have a intense polarizing effect on 

dopant and it will be quite interesting to explore the effect of non-conjugating complexant cluster 

and variation of alkaline earth metal dopant on static and dynamic second hyperpolariozability. 

We aim to design theoretically a new kind of diffuse electrons system based on alkaline earth 

metal with high third order NLO coefficient.  

2. Computation details 

Geometry optimizations of the studied molecules have been performed using the Gaussian 09 

suite of the quantum chemistry program by employing B3LYP[41] (a hybrid CGA type DFT 

functional ,comprising of Becke’s three parameter exchange functional along with Lee, Yang 

and Parr (LYP) correlation functional) functional in conjunction with 6-311++G(d,p) basis set. 

Vibrational frequencies are calculated using the optimized structuresis found to be real for each 

vibrational mode. The B3LYP optimized structure of the aziridrine molecule agrees well with the 

experimental data available (proton affinity PA = 905.5 and gas-phase basicity = 872.5 kJ mol−1) 

[42,43] and this functional has also been widely used for optimizing nitrogen based 

heterocycles[44] and  aziridrine based complexes[45]. 

The binding energy (ΔEb) is calculated at B3LYP/6-311++G(d,p) level using the following 

equations 1[12,10] at the isolated gas phase, 

ΔEb=[E(M@aziridrine)n E(aziridine)n–E(M)]                                                 (1) 

Where n=1,2,3 and M=Be, Mg and Ca.In the above equation the basis set superposition error 

(BSSE) for the binding energy value is subsequently rectified by employing the Counterpoise 

method[46]. 

 The vertical ionization energies (VIE) are calculated using the following equation 

          VIE = E[X+] −E[X]                                                             (2) 



where E[X]  is the energy of the neutral complex and E[X+] is the energy of the  cationic 

complex. 

To have an idea about the accumulation of charge on the atom, natural population analysis 

(NPA) [47] are carried out at B3LYP/6-311++G(d,p) level. To understand the nature of 

interaction between M and aziridine,topological analysis of the atoms i.e. AIM (atoms in 

molecule) are done employing the AIMALL(atoms in molecule)  software[48].This is considered 

one of the efficient tools to understand the nature of interaction between atoms.The bond critical 

point (BCP) associated with (3,-1) critical point indicates the nature of the interaction between 

the two concerned atoms. When ρ(rc) (electron density) for the respective BCP is relatively 

smaller in magnitude along with its corresponding Laplacian of the electron density is ∇2
ρ(rc) > 0, 

this results in depletion of electron density between the concerned atoms. The depletion of 

electron density indicates that the non-covalent interaction exists between the concerned 

atoms.Under the influence of strong electric field, the NLO properties of the systems are 

prevailed. Using the equilibrium structures, the isotropic polarizability and average second 

hyperpolarizability calculations are performed. The isoptropic polarizability can be expressed by 

the equation 

 = (xx + yy + zz) / 3                                     (3) 

The mean second hyperpolarizability (γavg or γǁ) is defined as equation below[49] 

, ,

1
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    P                                             (4) 

Choice of DFT functional is crucial for evaluating the isotropic polarizability and second 

hyperpolarizability. For the long-range interaction, hybrid DFT functional CAM-B3LYP 

(Coulomb-attenuated hybrid exchange density)[50] has been developed and employed 

successfully for calculating the second hyperpolarizability of the organometallic complexesand 

alkaline earth metal-doped complexes [51,52,10]. The CAM-B3LYP functional has also been 

extensively used for evaluating the hyperpolarizability of the electride complexes [53,10]. 

wB97XD [54] functional that incorporates empirical dispersion correction along with the long-

range effects has been successfully employed for calculating the hyperpolarizability of the 

electride species [10,12]. Another hybrid functional, BHandHLYP has been widely used also for 



evaluating the hyperpolarizability of the diffuse electron molecules[10]. Champagne et al.[55] 

reported that this functional can minimize the higher and overestimated results of 

hyperpolarizability. However, Nakano et al. [56] have reported that this hybrid functional is able 

to reproduce the hyperpolarizability values obtained from computationally costly CCSD(T) 

method.  So, the BHandHLYP functional is quite a decent choice for the theoretical researcher as 

for larger systems CCSD(T) is time consuming and computationally expensive for evaluating the 

second hyperpolarizability. Regarding the basis set, the polarization consistent group of basis 

sets of Jensen,the aug-pc2[57] is considered for this work (this basis set is augmented with 

diffuse functions) for evaluating the isotropic polarizability as well as the non-linear 

hyperpolarizability. Due to the presence of extra diffuse set of function, this basis set has been 

extensively used for evaluating the hyperpolarizability [58]. Along with it, the 6-

311++G(3df,3pd) and 6-311++G(d,p) basis set have been employed for all the chosen DFT 

functionals.Here, we have computed frequency-dependent second hyperpolarizability, the 

electro-optic Kerr effect ( (-ω;ω,0,0)) and the electric-field induced second harmonic generation 

(ESHG)( (-2ω;ω,ω,0)) using different frequencies, ω= 0.001-0.004 and evaluated the change in 

non-linear refractive index with the change of frequency. All calculations have been done using 

Gaussian 09 [59]. The ELF plot  are performed by using Multiwfn program package [60]. 

3. Results and Discussion 

3.1 Equilibrium Geometries 

Optimized molecular structures are shown in Fig. 1 and geometrical parameters are enlisted in 

table 1. In the present study,each aziridine unit is treated  as single petal (Fig 1) that functions as 

complexent. While designing complexes, we have taken care of two aspects, a) to  increase the 

number of petals in a step wise manner((aziridine)1 →(aziridine)3) upto three and b) variying the 

alkaline dopant M( = Be(na), Mg(nb) and Ca(nc)) of the complexant systematically.So, for the 

better comprehension,depending upon the petal-number the complexes are categorized  into three 

schemes,i.e.: Scheme I, II and III encompassing one, two and three petals respectively. Among 

the studied complexes, the aesthetically eye-catching symmetric structure of IIIc complex is 

quite intriguing. Complex IIIc mimics the shamrock-like shape encompassing the three-lobed 

petal  and the Ca dopant connects all three of them. Three N atoms are aligned in triangular array 

where each N atom sits at each corner of acute triangle and interestingly with Ca atom,  any two 



of the nitrogen forms a right angled triangle. Lets delve into the key bond distance  of the studied 

complexes, the monotonic rise of  M-N distance is observed on going from na→nb→nc for 

M@aziridine complexes,whereas N-H distance of aziridine is observed to be decreased by 

0.02Å. The smallest distance between Be-N (for complex Ia), also indicates the strong binding 

interation between the aziridine and Be. However, this monotonic rise of Be-N is not 

demonstrated when petal number is more than one. Owing to the smaller size of Be atom,the 

distance of Be from two aziridine moieties are not found to be same(table 1). For,dopant with 

higher mass number Mg and Ca (Scheme II→III), the of N-H length elongates monotonically 

i.e., N-H of IIb/c < IIIb/c. Investigating the bond angle, the <CNC bond angle of Mg complexes 

exhibit relatively higher value than its Be / Ca analogues. On the other hand, change in the 

binding energy ΔEb of complexant (table 2),with respect to petal number is presented the Fig S1. 

Monotonical upturn of ΔEb values is observed with the rise in the number of N-binding sites. 

Presence of three petals in the scheme III complexes eventualy results in largest binding energy 

compared to scheme I/II. This in turn envisages better charge transfer interactionin scheme III 

complexes compared to scheme I/II complexes. The order of enhancement of ΔEb value is: In< 

IIn< IIIn (n=a/b/c) like Ia< IIa < IIIa. Shamrock complex IIIc has the highest Eb value (-91.1 

kJ/mole).For scheme I and III, the ΔEb follows an identicalvariationpattern , i.e.nb <na< nc, 

however for scheme II, the binding energy of IIa is found to be highest.In a given scheme, the 

lowest binding energy Eb is observed when M=Mg(Fig. S1).Now, it will be interesting  to 

elucide the naure of interaction between M and complexant and for this the AIM study is carried 

out.The calculated results are presented in table 3. For the studied complexes, the smaller value 

of ρ(rc) and positive ∇2ρ(rc)  between N and M for all the three schemes indicate that non-

covalent interaction exists between complexant and M. 

 

3.1.1Vertical Ionization Energies (VIE). 

The (VIE) of the complexes are calculated employing the equation 2 and the results are collected 

in table 4.The value of ionization energyof M calculated at B3YP/6-311++G(d,p) level agrees 

closely with the experimental value[61]. It is observed that the calculated VIE of each of the 

studied complexes is smaller than the ionization energy of the M that is doped to it. Having a 

lesser value of VIE of the complex compared to the isolated alkaline earth metal doped to it, is 



one of the important characteristic features of diffuse electron system[10]. The lowest VIE for a 

given scheme is observed for Ca complexes. It should also be noted that the VIE follows a 

diminished trend with the increase in the number of petals.Complexes of Scheme III are reported 

to have the lowest VIE compared to Scheme I / II. 

3.2 Diffuse electron and charge transfer 

To inspect the presence of diffuse electron character of the studied system, the NPA calculations 

are carried out and calculated natural charges arecollected in Table 5. In this segment, in the first 

part, we will  address on  natural charge of  nitrogen atom of complexant unit as it is the key 

binding site towards dopant and in the later part, the focus will be on natural charge on alkaline 

earth metal dopant (M). 

Nitrogen atom of pristine aziridine moiety exhibits negative charge (-0.633). Compared to the 

prinstine azidrine, the negative charge on nitrogen atom of aziridine is amplified ( ranging from -

0.718 to -0.865) upon complexation with M(Be, Mg and Ca). Now, the more negatively charged 

nitrogen atom polarizes the alkaline earth metal dopant and eventually pushes away the ns 

electron of M atom. The pushing effect caused by the aziridine moiety results in the induced 

polarization of electron of alkaline earth metal which in turn consequences in the generation of 

diffuse electron cloud. HOMO surface plot of the molecules (Fig 2. Fig. S2) of scheme I-III 

shows that the diffuse electron cloud enwraps around the alkaline earth metal and the surface 

plot is one of the significant features of diffuse electron systems[23,10,12]. Let us , now address 

the natural charge on dopant ,the charge accumulation on M can be attributed to the distance 

between the N atom of complexant and diffuse electron center Be atom when placed amidst the 

aziridine petals acquires negative charge while Mg and Ca acquires small positive charge.As, it 

is well known and even from table 1, it is observed that N-Mg/ Ca distance is larger compared to 

N-Be distance. As the distance from diffuse electron center to the polarizing unit diminishes, 

negative charge accumulation is observed on diffuse electron generating center. The negative 

charge on Be also ratify the fact. Negative charge accumulation on Be compared to another 

dopants can also be related to higher electron affinity of the former. Interstingly , when dopant is 

Mg, the N-Mg distance is found to be reduced with rise in petal number. Thus,  Mg becomes less 

positive with higher petal number and with three petals complex, i.e. molecule IIIb, the Mg even 



acquires negative charge. However, maximum positive charge accumulation on Ca is observed 

for IIIc. 

     ELF plot can be essential tool to understand the electronic structure as it can show intuitively 

degree of localization of electrons for several position.The ELF plot( Fig. 3, S3) for the studied 

molecules also shows that electron transfer happens from aziridine moiety to metal.  The 

graphical plot(see Fig. S3) also exhibits how the pattern of  electron localization changes upon 

increase in complexant number.  

3.3 Polarizability and Second Hyperpolarizability 

 3.3.1 Effect of Basis set and DFT functional: 

Isotropic polarizabilities of the studied complexes are listed in tables S1 (supplementary section). 

Basis set  and functional play important role in evaluating the polarizability as well as 

hyperpolarizability value. Considering, the basis set effect, the isotropic polarizability calculated 

with the polarization consistent basis set having additional diffuse function (aug) aug-pc2 and 

higher polarization function consisting basis set 6-311++G(3df,3pd) basis set have marginally 

higher value compared to 6-311++G(d,p) basis set. Regarding functional, the calculated 0 

values for  Ia, Ib, IIa, IIIa  at wB97XD and CAM-B3LYP levels are fairly close to each other at 

6-311++G(d,p)/6-311++G(3df,3pd)/aug-pc2 basis set. For molecule IIb, the evaluated 0 value 

of BHandHLYP agrees almost with the value calculated by wB97XD method.  However, for rest 

of the molecules, the CAM-B3LYP calculated isotropic polarizability value matches with the 

BHandHLYP results.  The calculated static second hyperpolarizability value (Table 6,S2 

(supplymentary section)) for all the chosen methods gives identical variation of second 

hyperpolarizability in a given scheme also when compared in between the schemes.Let us 

consider the effect of functional on the value of second hyperpolarizability (table 6). CAM-

B3LYP and BHandHLYP calculated second hyperpolarizability values for Ia, IIa IIc values 

matches closely with each other. However, for molecules Ib, Ic, IIIa and IIIc, the values 

calculated by CAM-B3LYP method agree within narrow margin with the results obtained by 

wB97XD method. wB97XD results for molecule IIb, IIc and IIIb values are underestimated 

compared to BHandHLYP and CAM-B3LYP results. The calculated second hyperpolarizability 



value at aug-pc2 basis set is reported to be higher compared to values reported at 6-

311++G(3df,3pd) and 6-311++G(d,p) basis sets. The presence of diffuse function plays vital role 

while evaluating the NLO responses. The augpc-2 basis set is important in evaluating the avg 

value. To check the effect of higher polarization function compared to 6-311++G(d,p), the  6-

311++G(3df,3pd) basis set has been chosen. All the chosen basis sets are extensively used in 

evaluating the NLO properties. 

3.3.2 Variation of polarizability and second hyperpolarizability. 

All the complexes shows considerably high value of polarizability.Interesingly, it can be noted 

that the isotropic polarizability increases with increase in petal number, of the complexes; for 

example, Ia< IIa< IIIa, (Fig. S4) and so on. 

For static avg,we have divided our discussion in two segments. In the first part, we will focus on 

impact of M dopant on hyperpolarizability of the complexes while in the second part, we will 

address on effect of the number of petal on second hyperpolarizability. Before discussing the 

effect of number of petal or size of M on avg, it is worthy to discuss how the presence of M atom 

affects the avg of the aziridine complex. For this, we have calculated the avg of pristine aziridine 

and the calculated value is 5.21x 103 au ((CAM-B3LYP/6-311++G(d,p)). Upon complexation 

with smallest alkaline earth metal Be, the value of avg increases by about 54 times.  The presence 

of diffuse electron in Ia is responsible for the many fold increase of avg value. The higher avg of 

the complexes when M = Ca  for every scheme. 

Now, let us focus on dependence of NLO property on the number of complexant. The generation 

of the diffuse electrons cloud primarily depends on the polarizing unit. As the number of 

polarizing unit or petal increases, the polarizing power of the overall moiety also increases. This 

higher polarizing power of the overall complexant results in the higher avg of the diffuse electron 

systems of Scheme III compared to schemes II and I. The variation of zzzz and avg follow the 

succeeding trend (Petal number one:In(n=a/b/c) <two : IIn(n=a/b/c) < three: IIIn (a/b/c), i.e., Ia < 

IIa < IIIa. Complex IIIc which has highest binding energy also reported to have highest avg  

value among the studied complexes. The graph in Fig.3, visibly points out that with increasing 

the petal number, the avg can also be enhanced. This can be regarded as an interestingly finding 

that the altering the complexant number, the static avg can also be tuned. Interesingly, both  and 



static avg  exhibit identical pattern of enhancement  with respect to increase in petal number. 

Complex of Scheme III also reported to have lowest VIE . 

Moreover, in order to check how the variation of frequency plays important part in NLO 

responses of investigated systems, we have evaluated the frequency dependent third order 

polarizability and the results are collected in table 7.The induced dipole moment of the molecule 

varies as a result of interaction with the external radiation and along with it, the second 

hyperpolarizability also changes. So, the different external frequencies (0.001-0.004) are used to 

compute the coefficients of second hyperpolarizability.From the computed value, it can be noted 

that the value of the second hyperpolarizability(the dc-Kerr effect) (-ω;ω,0,0) and the (ESHG) 

effect which is denoted by (-2ω;ω,ω,0) increases compared to static field. So, the frequency 

dependent value of second hyperpolaizability is higher compared to static one. Tarazkar et al. 

[62] have calculated the degenerate four-wave mixing (DFWM) values with the help of 

ESHG,dc-Kerr and static second hyperpolarizability coefficients from the eq. (5) 

DFWM (-ω;ω,-ω,ω) ≈ (-2ω; ω, ω, 0) + (-ω;ω,0,0) ( ) (0;0,0,0)        (5) 

Using the four wave mixing value of the second hyperpolarizability, the quadratic NLO 

refractive index [63] can be calculated with the help of equation (6) 

n1 = 8.28 x 10−23DFWM(6) 

The calculated non-linear refractive index (n1 in au) values are listed in table 7. It can be noted 

from table 7 that for all the studied complexes, with the increase in the frequency, the value of n1 

decreases. Now, with increasing the number of complexant from one to two, the non- linear 

refractive index decreases for  Be and Mg and interestingly, complexes with two complexants 

show lowest refractive index for those complexes. For Be complexes, the highest value of n1 is 

observed for Scheme I. However, for Ca complexes, n1 increases with petal number (Ic: 9.2376 

x10-17→IIIc:1.3962 x10-15). Analysing the effect of complexant number on nonlinear refractive 

index, it can be noted that significant increase in n1 is observed for Mg/Ca dopant when 

complexant number is three(Ib: 2.0908 x10-17→ IIIb: 4.0144 x10-16)/( Ic: 9.23059x10-17→IIIc: 1.39318 

x10-15). Maximum value of n1 is observed for IIIc. Refractive index which is the function of 



wavelength also varies with the calculated second hyperpolarizability value and eventually 

displays the maximum value for the IIIc which exhibits the highest avg value.  

The spectroscopic parameters calculated bythe time dependent DFT are collected in table 8. The 

CAM-B3LYP functional has been chosen for the study of spectroscopic property of 30 low lying 

states. This above functional has been widely used for evaluating the electronic property of 

diffuse electron systems.[64,10,58] 

The TD-DFT calculations of aziridine derivatives are also carried out using the aforementioned 

functional[45].The variation of static second hyperpolarizability along zzzz axis can be explained 

by the spectroscopic parameter using thetwo state model [65]. 
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where ΔEng is transition energy  between ground (|g>) to the crucial excited state (|n>), and μng 

transition moment associated with it. The dipole moment difference between ground and excited 

state is indicated by Δμ and f is the oscillator strength of the crucial transition state. 

From the above equation, it is quite evident that variation of the static second hyperpolarizability 

is quite sensitive to the change in the transition energy gap between the excited and ground state 

as it appears with higher power. As seen from the table 8, on going from IaIIaIIIa, there is a 

decrease in the ΔEng value, which in turn reflected in the higher second hyperpolarizability of the 

IIa and IIIa. Same trend is observed for IIIb and IIIc where ΔE value is the lowest compared to 

their Ib/IIb and Ic/IIc molecules. Lower μng value is observed for Scheme II complexes compared 

to Scheme I; however, the higher power of ΔE values dominates while explaining the variation 



of hyeprpolaizability. The shamrock-shaped IIIc shows significantly high value of μng, f along 

with very low ΔE, which transpires the higher second hyperpolarizability of IIIc. The  frontier 

molecular orbital diagram of the studied complexes are depicted in the Fig 5 and S5. For the Be 

complexes, upon excitation the diffuse electron cloud that is concentrated on Be in the ground 

state gets drifted away from the metal. In the excited state for IIa and IIIa , the electrons clouds 

are observed to be located at the both sides of Be and along with this, the electron cloud gets 

partially located on the ring nitrogen. Due to the smaller size of Be, in the excited state the 

electron density gets partially located on the ring which happens to be more closer to the Be 

atom rather than being equally distributed over all the rings. Upon excitation,it is observed that 

forthe Mg and Ca complexes, the diffuse electron cloud gets drifted away completely from the 

dopant andtwo distinct electron density lobes are located at both sides of dopant only.  This 

drifting away effect of electron cloud from the diffuse electron generation centre in the excited 

state is a characterstic feature of electride complexes.  

 

 

  4. Conclusion 

In this work, a series of complexes of alkaline earth doped aziridine based system has been 

theoretically designed and considered further for the study of electronic structure and non-linear 

response property. AIM analysis indicates the presence of non-covalent interaction between 

aziridine unit and alkaline earth metal. Nitrogen atom of complexant polarizes the electron of 

alkaline earth metal leading to the generation of diffuse electron wrapping the metal. From the 

HOMO surface plot, it can be seen that the distended electron cloud forms around the M results 

in the enhancement of the average second hyperpolarizability value of the complex significantly. 

Compared to pristine aziridine moiety, the avg of Be-aziridine complex (Ia) enhances around 54 

times. By varying the dopant, maximum NLO responses have been observed when M is Ca. It is 

observed that the avg value increases with increasing number of complexant in monotonic 

fashion. Maximum avg value is exhibited for the complexes of Scheme III, where three 

complexants are employed. The ESHG and dc-Kerr coefficient of  are found to be higher 

compared to the static second hyperpolarizability.  It is important to note here that non-linear 

refractive index varies with changing of frequency and with the increase in frequency, the 

n1decreases. Shamrock-shaped IIIc shows both highest linear refractive index value and highest 



average second hyperpolarizability value. Henceforth, the present study envisions new 

prospective in designing a novel kind of diffuse electron system which is based on small, 

flexible, synthetically available, non conjugated organic complexant aziridine and the newly 

designed organometallic complexes can potentially serve as highly responsive third order opto-

electronic NLO material. 
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Table 1 Important geometrical parameters for the optimized Complexesa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a [Ia= Be@aziridine , Ib=Mg@aziridine, Ic=Ca@aziridine / Scheme II: IIa=Be@(aziridine)2, IIb=Mg@ 
(aziridine)2, IIc=Ca@(aziridine)2 / Scheme III: IIIa=Be@(aziridine)3, IIIb=Mg@(aziridine)3 , 
IIIc=Ca@(aziridine)3] 

Scheme I Scheme II Scheme III 

N-M (Å) 

Ia 1.771 IIa 1.735, 3.891 IIIa 1.729, 4.650, 3.976 

Ib 2.536 IIb 2.489, 2.489 IIIb 2.400, 2.410, 2.440 

Ic 2.539 IIc 2.573, 2.573 IIIc 2.523, 2.526, 2.565 

N-H (Å) 

Ia 1.020 IIa 1.041, 1.015 IIIa 1.044, 1.016, 1.016 

Ib 1.017 IIb 1.018, 1.018 IIIb 1.018, 1.019, 1.020 

Ic 1.019 IIc 1.019, 1.019 IIIc 1.022,1.023,1.022 

<CNC 

Ia 59.1 IIa 59.5, 59.9 IIIa 59.5,59.9,60.1 

Ib 60.0 IIb 59.8, 59.8 IIIb 59.7, 59.6, 59.9 

Ic 59.5 IIc 59.6, 59.6 IIIc 59.6, 59.7, 59.6 



           Table 2 Calculated BSSE corrected binding energy Eb (kJ/ mol) for the complexesa of 

Scheme I-III 

 Eb  Eb  Eb 

Ia -34.6 IIa -76.5 IIIa -90.3 

Ib -8.9 IIb -13.2 IIIb -13.5 

Ic -36.9 IIc -61.8 IIIc -91.1 

a [Ia= Be@aziridine , Ib=Mg@aziridine, Ic=Ca@aziridine / Scheme II: IIa=Be@(aziridine)2, 
IIb=Mg@(aziridine)2, IIc=Ca@(aziridine)2 / Scheme III: IIIa=Be@(aziridine)3, IIIb=Mg@(aziridine)3 , 
IIIc=Ca@(aziridine)3] 

 



 

Table 3. Calculated electron density ρ(au) and Laplacians 2
ρ (au) obtained at the BCP of each complex 

 

 

 

 

 

 

 

 

 

 

[Ia= Be@aziridine , Ib=Mg@aziridine, Ic=Ca@aziridrine / Scheme II: IIa=Be@(aziridine)2, IIb=Mg@ 
(aziridine)2, IIc=Ca@(aziridine)2 / Scheme III: IIIa=Be@(aziridine)3, IIIb=Mg@(aziridine)3 , 
IIIc=Ca@(aziridine)3] 

 

Table 4 The VIE(ev) of the studied complexesa and the Ionization energy(IE) of  alkaline earth metal 

 

a.[Ia= Be@aziridine , Ib=Mg@aziridine, Ic=Ca@aziridine / Scheme II: IIa=Be@(aziridine)2, IIb=Mg@ 
(aziridine)2, IIc=Ca@(aziridine)2 / Scheme III: IIIa=Be@(aziridine)3, IIIb=Mg@(aziridine)3 , 
IIIc=Ca@(aziridine)3]

Molecules BCP ρ 2
ρ 

Ia Be9-N3 0.061 0.297 

Ib Mg9-N3 0.019 0.054 

Ic Ca9-N3 0.029 0.124 

IIa Be17-N14 0.067 0.329 

IIb Mg17-N4 0.019 0.067 

IIc Ca17-N4 0.027 0.114 

IIIa Be25-N4 0.069 0.336 

IIIb Mg25-N4 0.022 0.096 

IIIc Ca21-N4 0.027 0.115 

molecules VIE molecules VIE molecules VIE  IE(ionization energy) 

       B3LYP EXPERIMENTAL 

Ia 5.7 IIa 5.3 IIIa 5.2 Be 9.11 9.32 

Ib 6.1 IIb 4.9 IIIb 3.9 Mg 7.73 7.65 

Ic 4.9 IIc 4.1 IIIc 3.4 Ca 6.15 6.11 



Table 5  NPA calculated charges(q) on atom at B3LYP/6-311++G(d,p) 

  qM  qM  qM 

Ia M= Be -0.016 IIa -0.036 IIIa -0.032 

Ib M=Mg 0.001 IIb 0.000 IIIb -0.013 

Ic M=Ca 0.006 IIc 0.026 IIIc 0.091 

  qN  qN  qN 

Ia M= Be -0.865 IIa -0.801 IIIa -0.756 

Ib M=Mg -0.732 IIb -0.723 IIIb -0.718 

Ic M=Ca -0.783 IIc -0.765 IIIc -0.780 

 

a. [Ia= Be@aziridine , Ib=Mg@aziridine, Ic=Ca@aziridine / Scheme II: IIa=Be@(aziridine)2, 
IIb=Mg@(aziridine)2, IIc=Ca@(aziridine)2 / Scheme III: IIIa=Be@(aziridine)3, 
IIIb=Mg@(aziridine)3 , IIIc=Ca@(aziridine)3] 

 

 

 

 

 

 

 

 

 

 

 

 



Table 6Longitudinal component  of  static second hyperpolarizability (zzzz,  au) and average second 
hyperpolarizability(av, au) of complexesa obtained at the different functional for aug-pc2 basis set 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a. [Ia= Be@aziridine , Ib=Mg@aziridine, Ic=Ca@aziridine / Scheme II: IIa=Be@(aziridine)2, 
IIb=Mg@(aziridine)2, IIc=Ca@(aziridine)2 / Scheme III: IIIa=Be@(aziridine)3, 
IIIb=Mg@(aziridine)3 , IIIc=Ca@(aziridine)3] 

 

 

 

 

 

 

 

Molecules  CAM-B3LYP BHHLYP wB97XD 

Ia  av 3.13x105 3.47x105 3.05x105 

 zzzz 4.53x105 5.11x105 4.35x105 

1b av 3.14x105 3.4 x105 3.19 x105 

 zzzz 3.2x105 3.52 x105 3.37 x105 

1c av 1.88x106 2.16x106 1.91 x106 

 zzzz 2.0x106 2.30x106 2.11 x106 

IIa av 3.58x105 4.02 x105 2.67 x105 

 zzzz 4.04x105 4.48 x105 4.12 x105 

IIb av 1.00x106 1.23x106 8.87 x105 

 zzzz 1.06x106 1.25x106 1.12 x106 

IIc av 5.75x106 7.14x106 5.01 x106 

 zzzz 5.70x106 9.28x106 5.99 x106 

IIIa av 3.47x105 3.87x105 3.75 x105 

 zzzz 2.95x105 3.19x105 3.12 x105 

IIIb av 5.00x106 7.28x106 3.36 x106 

 zzzz 1.04x107 1.58x107 5.44 x106 

IIIc av 1.83x107 2.34x107 1.88 x107 

 zzzz 1.66x107 1.97x107 1.86 x107 



Table 7 Frequency dependent second hyperpolarizability au (dc-kerr γ(-ω;ω,0,0), ESHG γ (-2ω;ω,ω,0) 
)and nonlinear refractive index (n1) of studied complexa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ω           0.001        0.002 0.003 0.004 

Ia dc-Kerr 293.5 x103 293.7 x103 294.0 x103 294.4 x103 

 ESHG 293.6 x103 294.1 x103 295.0 x103 296.2 x103 

 n1 2.4563 x10-17 2.4592x10-17 2.4640 x10-17 2.4708 x10-17 

Ib dc-Kerr 250.2 x103 250.3 x103 250.6 x103 250.9 x103 

 ESHG 250.3 x103 250.7x103 251.4 x103 252.3 x103 

 n1 2.0908 x10-17 2.0929 x10-17 2.0966 x10-17 2.1017 x10-17 

Ic dc-Kerr 110.1 x104 110.2 x104 110.4 x104 110.7 x104 

 ESHG 110.2 x104 110.5 x104 111.2 x104 112.1 x104 

 n1 9.2376 x10-17 9.2587x10-17 9.2941 x10-17 9.3440 x10-17 

IIa dc-Kerr 342.4 x103 342.6 x103 342.9 x103 343.4 x103 

 ESHG 342.5 x103 343.1 x103 344.1 x103 345.5 x103 

 n1 2.8639x10-17 2.8671 x10-17 2.8726 x10-17 2.8802 x10-17 

IIb dc-Kerr 958.3  x103 959.2 x103 960.6 x103 962.7 x103 

 ESHG 958.9 x103 961.5x103 965.9 x103 972.1 x103 

 n1 8.0219 x10-17 8.0364x10-17 8.0606 x10-17 8.0946 x10-17 

IIc dc-Kerr 496.7 x104 497.7x104 499.4 x104 501.8 x104 

 ESHG 497.4 x104 500.5x104 505.6 x104 513.0 x104 

 n1 4.1839 x10-16 4.2008x10-16 4.2290 x10-16 4.2691 x10-16 

IIIa dc-Kerr 335.2 x103 335.4x103 335.7 x103 336.1 x103 

 ESHG 335.4 x103 335.9x103 336.8 x103 338.2 x103 

 n1 2.8010 x10-17 2.8042x10-17 2.8093 x10-17 2.8167 x10-17 

IIIb dc-Kerr 477.5 x104 478.6 x104 480.5 x104 483.0 x104 

 ESHG 478.3 x104 481.6x104 487.1 x104 495.1 x104 

 n1 4.0144 x10-16 4.0325x10-16 4.0630 x10-16 4.1064 x10-16 

IIIc dc-Kerr 164.2 x105 164.7 x105 165.7 x105 167.0 x105 

 ESHG 164.6 x105 166.2 x105 169.1x105 173.3 x105 

 n1       1.3962 x10-15      1.4055 x10-15     1.4211 x10-15         1.4435 x10-15 



a. [Ia= Be@aziridine , Ib=Mg@aziridine, Ic=Ca@aziridine / Scheme II: IIa=Be@(aziridine)2, 
IIb=Mg@ (aziridine)2, IIc=Ca@(aziridine)2 / Scheme III: IIIa=Be@(aziridine)3, 
IIIb=Mg@(aziridine)3 , IIIc=Ca@(aziridine)3] 

 

Table 8 Transition energy (Eng, ev), transition moment (μng, D), dipole moment difference (μng, D) 
and oscillator strength (feg) of the complexesa obtained at the TD-CAMB3LYP level for the 6-
311++G(d,p) basis set 

 

 

 

 

 

 

 

 

 

 

 

 

a.[Ia= Be@aziridine , Ib=Mg@aziridine, Ic=Ca@aziridine / Scheme II: IIa=Be@(aziridine)2, 
IIb=Mg@ (aziridine)2, IIc=Ca@(aziridine)2 / Scheme III: IIIa=Be@(aziridine)3, 
IIIb=Mg@(aziridine)3 , IIIc=Ca@(aziridine)3]

 Eng u2ng ung fg Ground→Excited states 

Ia 4.14 2.013 2.08 0.205 S0→S6 

Ib 3.30 4.163 1.95 0.337           S0→S2 

Ic 2.29 5.516 4.09 0.310 S0→S2 

IIa 3.93 1.346 0.55 0.129 S0→S7 

IIb 2.43 3.555 4.16 0.212 S0→S2 

IIc 1.88 5.339 4.82 0.247 S0→S3 

IIIa 2.69 2.676 2.01 0.177 S0→S2 

IIIb 1.70 2.943 1.89 0.122 S0→S2 

IIIc 1.13 10.522 2.93 0.292 S0→S1 



 

Fig 1. Optimized structure of the complexes of Scheme I-III.[SchemeI:  Ia= Be@aziridine , 

Ib=Mg@aziridine, Ic=Ca@aziridine/SchemeII: IIa=Be@(aziridine)2, 

IIb=Mg@(aziridine)2,IIc=Ca@(aziridine)2/ Scheme III: 

IIIa=Be@(aziridine)3,IIIb=Mg@(aziridine)3 , IIIc=Ca@(aziridine)3 ] 

 

 

 

 



                                                              

               Front-View                                                                                       Side –View 

                                                  Scheme I(Ic) 

                                                      

            Front-View                                                                              Side-View  

                                                  Scheme II(IIc) 

                               

                     Front-View                                                                            Side-View 

                                                          Scheme III (IIIc)    

Fig 2. HOMO surface plot (some representative surface plot of the complexes of Scheme I-III) 

[Scheme I:  , Ic=Ca@aziridine, Scheme II: IIc=Ca@(aziridine)2, Scheme III: IIIc=Ca@(aziridine)3] 



Fig 3. ELF plot of the complexes of Scheme I 

(Scheme I:  Ia= Be@aziridine , Ib=Mg@aziridine, Ic=Ca@aziridine) 
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Fig 4.  Representative graph  showing how the avincreases with petal number (when M=Ca) 

 



                                                      

        Ic                                                                                                          IIc 

 

 

 

                     IIIc 

Fig 5. Frontier molecular orbital diagram of  some representative complexes. 

Scheme I:  , Ic=Ca@aziridine/ Scheme II: IIc=Ca@(aziridine)2/ Scheme III: IIIc=Ca@(aziridine)3 
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