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	Abstract 
[bookmark: _Hlk153629485]Cryptands are useful in a variety of fields such as organic chemistry, biochemistry, and material science because of their ability to selectively interact with metal ions. In this study, we have performed a computational study to elucidate the structures and energetics of the complexes formed by transition metals, such as Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+ and Zn2+, with aza-cryptand 36adamanzane using DFT method. At their optimized geometries of complexes studied, all complexes possess the S4 symmetry except the 36adz−Cr2+ and 36adz−Cu2+ complex (C1 symmetry). The computed interaction energies of all 36adz−M2+ complexes studied were given with and without relativistic energy corrections at the CAM-B3LYP/6-311++G(d,p) level. The 36adz−Ni2+ complex possesses a highest IE value (−438.6 kcal mol-1) including relativistic energy corrections than the other complexes. 
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1. Introduction 
The three-dimensional counterparts of crown ethers, known as cryptands, were first synthesized in 1987 by Lehn and coworkers (Dietrich, Lehn, ve Sauvage 1969). They are helpful in several fields, including organic chemistry, biology, and material science, because of their ability to modify the size of the metal ion cavity and interact with metal ions selectively (Beer vd. 2003; Buschmann, Cleve, ve Schollmeyer 1997; Sarkar, Mukhopadhyay, ve Bharadwaj 2003; Sesta ve D’Aprano 1998). Furthermore, cryptands have the unique ability to combine with alkali metals to create stable complexes (Beer vd. 2003; Buschmann vd. 1997; Sarkar vd. 2003; Sesta ve D’Aprano 1998). A cryptant and a metal ion interact electrostatically in a host-guest type interaction. A great deal of research has been done on the complexes of cryptands with heavy metals and alkali cations (Beer vd. 2003; Buschmann vd. 1997; Sarkar vd. 2003; Sesta ve D’Aprano 1998; Sun vd. 2022). Among these cryptand-metal complexes, especially those with transition metals are quite interesting (Beer vd. 2003; Buschmann vd. 1997; Sun vd. 2022). Dehghani and coworkers reported the structures and energetics of complexes formed by Cryptand[2.2.2] and Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+ cations utilizing DFT methods and and stated that those formed by respective cryptand with Cu2+ and Co2+ were the most and the least stable systems, respectively (Dehghani vd. 2019). Behjatmanesh–Ardakani et al. reported the binding energies of complexes formed by benzocryptand [222B] with alkali metals, Li+, Na+, K+, and alkaline earth metal Ca2+ using DFT methods (Behjatmanesh-Ardakani vd. 2016).
A crucial class of chemical molecules is amine-containing cryptands, aza-cryptands (Bharadwaj 2017; Gupta vd. 2019; Taschner vd. 2020). These compounds can also form complexes with different transition and main-group metal ions (Bharadwaj 2017; Gupta vd. 2019; Taschner vd. 2020). Based on the aforementioned properties of the cryptands, the structure and energetics of the complexes formed by the 36adamanzane (36adz) aza-cryptand (Figure 1) with transition metal (M) cations (M: Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+) were computationally investigated using DFT methods.
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Figure 1. Optimized Structure of 36adz Aza-Cryptand at the CAM-B3LYP/6-31+G(d, p) level.

2. Materials and Methods 
Geometry optimization and harmonic vibrational frequency computations were performed by employing the density functional theory (DFT) and the CAM-B3LYP functional (Tawada vd. 2004; Yanai, Tew, ve Handy 2004) for the complexes formed by 36adz with M cations such as Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+. In this regard, the 6-31+G(d,p) basis set (Ditchfield, Hehre, ve Pople 2003; Hehre, Ditchfield, ve Pople 2003) was utilized for all complexes. To determine the structures with the lowest energy for 36adz−M2+ complexes, doublet, quartet, and sextet spin states of 36adz−Co2+, 36adz−Cu2+, and 36adz−Mn2+ complexes, and singlet, triplet, quintet, and septet spin states of 36adz−Cr2+, 36adz−Fe2+, 36adz−Ni2+, and 36adz−Zn2+ complexes were optimized at the CAM-B3LYP/6-31+G(d,p) level. All interaction energies for all complexes studied were computed with the counterpoise procedure (Boys ve Bernardi 1970) at the CAM-B3LYP/6-311++G(d,p) level. In addition, the Douglas-Kroll-Hess (DKH) approximation was used to account for scalar relativistic effects on the complexes considered.

3. Results and Discussion
The optimized geometries of all complexes studied at the CAM-B3LYP/6-31+G(d, p) level is illustrated in Figure 2. The structures with the lowest energy are quintet for 36adz−Cr2+ and 36adz−Fe2+, sextet for 36adz−Mn2+, quartet for 36adz−Co2+, triplet for 36adz−Ni2+, doublet 36adz−Cu2+, and singlet state 36adz−Zn2+ complexes at the CAM-B3LYP/6-31+G(d,p) level. The 36adz is an S4-symmetric structure containing the four lone pairs of the N atom oriented toward the center of the cage. The M2+−N1 and M2+−N2 distances are 2.049−2.059, 2.057−2.057, 2.022−2.022, 1.993−1.993, 1.985−1.985, 1.982−1.992, and 1.994−1.994 Å for the 36adz−M2+ (M: Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+) complexes at their optimized geometries, respectively. This clearly shows that in the 36adz−Mn2+, Fe2+, Co2+, Ni2+, and Zn2+ complexes studied the metal cations were symmetrically placed to the center of the 36adz to which they are attached, while in the 36adz−Cr2+ and Cu2+ complexes metal cations were not symmetrically placed to it. The critical structural parameters for all 36adz−M2+ complexes are shown in Table 1. As seen in Figure 2, the 36adz−Mn2+, Fe2+, Co2+, Ni2+, and Zn2+ complexes maintain the S4 symmetry of 36adz, whereas the 36adz−Cr2+ and Cu2+ complexes is lowered to C1.
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Figure 2. The optimized geometries of the 36adz−M2+ (M: Cr, Mn, Fe, Co, Ni, Cu and Zn) complexes at the CAM-B3LYP/6-31+G(d,p) level.


Table 1. M2+ꞏꞏꞏN1/N2 Distances (in Å) at the CAM-B3LYP/6-31+G(d, p)  Level, Nonrelativistic Interaction Energies and Interaction Energies Including Relativistic Corrections (in kcal mol−1) at the CAM-B3LYP/6-311++G(d,p)  Level for the 36adz−M2+ (M: Cr, Mn, Fe, Co, Ni, Cu and Zn) Complexes Considered.

	Complexes
	MꞏꞏꞏN1 
Distance

	MꞏꞏꞏN2 
Distance

	Non-relativistic IEs

	IEs Including Relativistic Corrections

	36adz−Cr2+
	2.049
	2.059
	−339.7
	−342.8

	36adz−Mn2+
	2.057
	2.057
	−330.9
	−334.9

	36adz−Fe2+
	2.022
	2.022
	−363.1
	−367.8

	36adz−Co2+
	1.993
	1.993
	−400.0
	−405.2

	36adz−Ni2+
	1.985
	1.985
	−432.7
	−438.6

	36adz−Cu2+
	1.982
	1.992
	−420.7
	−427.0

	36adz−Zn2+
	1.994
	1.994
	−404.1
	−413.1




[bookmark: _Hlk151831912]Table 1 shows the computed nonrelativistic interaction energies (IE) for the 36adz−M2+ complexes considered at the CAM-B3LYP/6-311++G(d,p) level. The computed nonrelativistic IE values for the 36adz−M2+ complexes are −339.7 for 36adz−Cr2+, −330.9 for 36adz−Mn2+, −363.1 for 36adz−Fe2+, −400.0 for 36adz−Co2+, −432.7 for 36adz−Ni2+, −420.7 for 36adz−Cu2+ and −404.1 kcal mol-1 for 36adz−Zn2+ at the CAM-B3LYP/6-311++G(d,p) level.
The computed IE values with relativistic corrections for the 36adz−M2+ complexes at the CAM-B3LYP/6-311++G(d,p) level are reported in Table 1. The computed relativistic energy correction for interaction energy is −3.1 for 36adz−Cr2+, −4.0 for 36adz−Mn2+, −4.6 for 36adz−Fe2+, −5.3 for 36adz−Co2+, −5.9 for 36adz−Ni2+, −6.3 for 36adz−Cu2+ and −9.0 kcal mol-1 for 36adz−Zn2+complex at the CAM-B3LYP/6-311++G(d,p) level, indicating that these energy correction values are not negligible for an accurate description of interaction energies of the corresponding 36adz−M2+ complexes.
The computed IE values including relativistic energy correction for the 36adz−M2+ complexes are −342.8 for 36adz−Cr2+, −334.9 for 36adz−Mn2+, −367.8 for 36adz−Fe2+, −405.2 for 36adz−Co2+, −438.6 for 36adz−Ni2+, −427.0 for 36adz−Cu2+ and −413.1 kcal mol-1 for 36adz−Zn2+at the CAM-B3LYP/6-311++G(d,p) level. The highest negative value for the 36adz−Ni2+ complex indicates that it is more stable than the other complexes because it fits into the cage cavity more easily. 


4. Conclusion

In recent study, we have performed an computational study to elucidate the structures and interaction energies of the complexes formed by transition metals, such as Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+ and Zn2+, with 36adamanzane using DFT method and CAM-B3LYP functional. At their optimized geometries of complexes studied, the 36adz−Mn2+, Fe2+, Co2+, Ni2+, and Zn2+ complexes maintain the S4 symmetry of 36adz, whereas the 36adz−Cr2+ and Cu2+ complexes is lowered to C1. The computed relativistic energy correction for interaction energy is −3.1, −4.0, −4.6, −5.3, −5.9, −6.3, and −9.0 kcal mol-1  for 36adz−Cr2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+ and Zn2+ complexes, respectively, at the CAM-B3LYP/6-311++G(d,p) level, indicating that these energy correction values are not negligible for all complexes. The computed IE values including relativistic energy correction for the 36adz−M2+ complexes are −342.8 for 36adz−Cr2+, −334.9 for 36adz−Mn2+, −367.8 for 36adz−Fe2+, −405.2 for 36adz−Co2+, −438.6 for 36adz−Ni2+, −427.0 for 36adz−Cu2+ and −413.1 kcal mol-1 for 36adz−Zn2+ at the CAM-B3LYP/6-311++G(d,p) level.
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