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[bookmark: OLE_LINK12][bookmark: OLE_LINK142][bookmark: OLE_LINK141][bookmark: OLE_LINK136][bookmark: OLE_LINK140][bookmark: OLE_LINK107][bookmark: OLE_LINK146][bookmark: OLE_LINK11][bookmark: OLE_LINK14][bookmark: _GoBack]ABSTRACT: The existence and stability of  salt compounds are theoretically investigated in this study. This undertaking is carried out to address the following challenges: (1) synthesizing a bulk salt compound containing a noble gas lighter than krypton and (2) synthesizing the congeners of  containing noble gases other than Xe. The reliability of our calculations on the systems is assessed by benchmark calculations of the well-known salt. In the benchmark calculations, a two-pronged evaluation strategy, including direct and indirect evaluation methods, is used to theoretically investigate the spectroscopic constants of  and the existence and stability of the  salt. The validity of the theoretical calculation methods in the benchmark calculations of allows us to adopt a similar methodology to effectively predict the existence and stability of  salt compounds. Calculations based on the Born–Haber cycle using estimated lattice energies and some necessary ancillary thermochemical data show that MAr42+(Sb2F11−1)2 (M=Au, Ag, Cu) salt compounds can be synthesized. The upper-limit stable temperatures are estimated to be −224.43, −146.21, and −80.39 °C. The  salt compound is a promising candidate. Our calculations also show that the  salt compounds cannot be stabilized.
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一、 Introduction
[bookmark: OLE_LINK5][bookmark: OLE_LINK80][bookmark: OLE_LINK50]Since the discovery of xenon hexaﬂuoroplatinate, XePtF6, the first noble gas compound, by Bartlett in 1962[1], numerous analogue species of xenon and krypton have become accessible as chemical reagents in the condensed phase; many neutral and ionic species containing noble gas elements, including light argon, neon, and helium, have also been discovered by gas-phase spectroscopy[2-14]. However, only neutral species containing a heavy noble gas, such as krypton, xenon, and radon, have been chemically synthesized to date. Light noble gases, namely, argon, neon, and helium, are the last three elements on the periodic table for which no stable compound is known.
[bookmark: OLE_LINK119][bookmark: OLE_LINK73]The synthesis of HArF[15,16], the first chemically bonded neutral argon compound, in the year 2000 received great attention. The molecule was prepared by photolyzing HF embedded in solid argon at low temperature. This molecule could be identified by comparing its experimentally observed infrared spectrum with those obtained from quantum chemical calculations of its vibrational modes. Dong et al. recently reported in a combined experimental and computational study that a stable helium and sodium compound, Na2He, can be synthesized in a diamond anvil cell[17]. Such remarkable work was based on the idea that high pressure can alter the bonding characteristics of noble gases such as xenon, krypton, and argon[18-21].
[bookmark: OLE_LINK118][bookmark: OLE_LINK1][bookmark: OLE_LINK75][bookmark: OLE_LINK82][bookmark: OLE_LINK8][bookmark: OLE_LINK9]Although HArF and Na2He evidently form chemical bonds with the noble gas, they are only stable under unconventional environments. The former is stable only up to 27 K in an argon matrix, while the latter must be kept in a diamond anvil cell at >113 GPa. Both compounds are not genuinely accessible as chemical reagents. Thus, the synthesis of a genuine bulk salt compound (i.e., as a chemical reagent) containing a noble gas lighter than krypton remains a fascinating challenge. 
[bookmark: OLE_LINK26][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK72][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK89]To the best of our knowledge, only two theoretical papers addressing this challenge. The first of these reports was published by Frenking et al.[22], who predicted that bulk salt compounds of ArF+ cations are isolable in principle because the calculated bond dissociation energy of the cation is very high (49 kcal/mol). The second report was from Aschi et al.[23], who predicted thermochemically stable FBeNg+ (Ng=helium, neon, argon) cations with energies of dissociation into BeF+ and Ng sufficiently large to suggest that these cations could be suitable to prepare the bulk salt compounds of light noble gases.
[bookmark: OLE_LINK100][bookmark: OLE_LINK88][bookmark: OLE_LINK112][bookmark: OLE_LINK93][bookmark: OLE_LINK7][bookmark: OLE_LINK39][bookmark: OLE_LINK124][bookmark: OLE_LINK99][bookmark: OLE_LINK10]To date, these two theoretical predictions have yet to be verified. Our interest in the existence of these bulk salt compounds led us to perform a different set of calculations on the basis of a more comprehensive consideration of all factors related to the stability of these salts compared with previous studies (Supporting Information). In contrast to the previous predictions of Franking et al. and Aschi et al., our results show that the outlooks for synthesizing bulk salt compounds  and FBeNg+NO2− are obscure. This contradiction can be attributed to the fact that, when the aforementioned authors studied the stability of ionic solid salts (A+ B− type), they only focused on the adiabatic electron affinity energy of the A+ cation, the adiabatic first ionization energy of the B− anion, and the lattice energy of ionic solid salts A+B− . In fact, the stability of solid salts A+B− is solely determined by the sum of the adiabatic electron affinity of the A+ cation, the adiabatic first ionization potential of the B− anion, and the lattice energy of the solid salt A+ B−, only if the corresponding neutral species A(g) and B(g) are kinetically stable species possessing an activation energy barring further reaction. However, if the corresponding neutral species A(g) and B(g) are vibrationally unstable and undergo further spontaneous decomposition without a barrier, the first stable reaction products must be used instead of A(g) or B(g). Our results reveal that, during their study on the existence of the bulk salt compounds  and FBeNg+NO2−, Franking et al. and Aschi et al. used the unstable states F(g) and BeF(g) as stable starting materials and ignored some important factors, such as the bond energy of the F–F bond, BE (F2,g), and the enthalpy of the disproportionation reaction of BeF(g), ∆Hf298(1/2Be(s)+1/2BeF2(g)→BeF(g)). These issues may account for the failure to prepare the aforementioned bulk salt compounds.


[bookmark: OLE_LINK74][bookmark: OLE_LINK78][bookmark: OLE_LINK6][bookmark: OLE_LINK97][bookmark: OLE_LINK151][bookmark: OLE_LINK79][bookmark: OLE_LINK98][bookmark: OLE_LINK94][bookmark: OLE_LINK30][bookmark: OLE_LINK96]Another challenge is presented by the synthesis of the  salt compound[24]. This advancement was a remarkable breakthrough because it proved the existence of the first bulk salt compound between Au and Xe. Both elements were previously considered archetypes of chemical inertia. Other noble metal bulk salt compounds containing the noble gas Xe, were subsequently reported[25-27]. Chemical intuition indicates that noble metals and gases are inert toward forming chemical bonds, and the existence of these bulk salt compounds with a Xe–Au bond may surprise some chemists. Today, the chemistry of noble metals and gases is recognized to be rich. In 1995, Pyykk[28] predicted the presence of significant covalent interactions between Au and noble gases by analyzing the stability of NgAu+ and NgAuNg+ species. Since then, unceasing progress has been made. A series of  compounds has been theoretically and experimentally investigated[29-39]. However, the synthesis of noble metal bulk salt compounds containing noble gases other than Xe remains a fascinating challenge.

[bookmark: OLE_LINK109][bookmark: OLE_LINK13][bookmark: OLE_LINK83]The following question is intriguing to ask: Is it possible to synthesize  salt compounds?

[bookmark: OLE_LINK134]The answer to this question may address two other fascinating challenges: (1) the synthesis of a bulk salt compound containing a noble gas lighter than krypton and (2) the synthesis of the congeners of  containing noble gases other than Xe.


[bookmark: OLE_LINK81]Our study is inspired by the results reported on the  cation(40,58), which are light congeners of the synthesized Au–Xe cation in the gas phase.

[bookmark: OLE_LINK2][bookmark: OLE_LINK15]In this work, we performed a systematic and comprehensive study on the stability of bulk salts and predicted their stability by using Born–Haber cycles. This method is well established and widely used to evaluate the stability of ionic salts if reliable values for the lattice energy of the salts and ancillary thermochemical data are available.

[bookmark: OLE_LINK150]This article is outlined as follows: In the next section, we first illustrate the employed methods. Thereafter, we present and discuss the obtained results. We perform preliminary calculations to accurately evaluate the reliability of our results with respect to the method and basis set. Subsequently, we discuss the stability of salt compounds. Finally, a summary and brief chemical significance of our study are disclosed.

二、 Methodology


[bookmark: OLE_LINK16]The theoretical investigations reported here were carried out for a series of  salt compounds by using the GAUSSIAN 03 suite of programs(41). Geometries were fully optimized at the B3LYP and MP2 levels, and relativistic and quasirelativistic effective core potentials of the Stuttgart/Koeln group (the Stuttgart/Cologne Group) were used for Cu, Ag, Au, and Xe with the corresponding basis sets. Our research system involving the weak bond between Au and noble gases is likely to be particularly sensitive to the basis set quality and the level at which electron correlation is accounted for; thus, the selected basis set with at least one f-symmetry function is needed to produce reliable correlation energy(42). Xe employed the large-core pseudopotential ECP46MWB scheme with the contraction basis set (6s6p3d1f)/4s4p3d1f(43,44). The Gaussian basis set for Cu, Ag, and Au is (12s12p9d3f2g), which is contracted to [6s6p4d3f2g](45). The aug-cc-pVTZ basis set is used for He, Ne, and Ar(46-48). Vibrational frequencies and zero-point energies (ZPEs) are determined at the B3LYP and MP2 levels. The structures studied here are local minima on the corresponding potential energy surfaces, as indicated by their having only positive eigenvalues of the diagonalized force–constant matrix. The improved relative energy is obtained by using a large aug-cc-pVQZ basis set(49) for the salt compounds on the MP2 optimized geometry. In the AuXe42+ case, the improved relative energy is obtained from MP2 calculations with a small-core relativistic pseudopotential ECP28MDF basis set(50). The standard counterpoise method(51,52) was adopted to account for the basis set superposition error (BSSE) for the theoretically predicted dissociation energy at all levels of theory.
Eq. (1),(53)

  (1)

[bookmark: OLE_LINK17][bookmark: OLE_LINK29]was used to estimate the lattice energy, UPOT, of the salts. Here, Zk represents the respective charges on the cations and anions, nk is the number of ions of charge Zk in the formula unit, α(kJ mol−1 nm) and β ( kJ mol−1) are coefficients of the best fit, α and β take the values 133.5 kJ mol−1 nm and 60.9 kJ mol−1, respectively, for 1:2 salts, and V (nm3) is the molecular (formula unit) volume of the salt. The individual ion volumes can be estimated from an ion volume database, inferred in some cases from established crystal structural data or calculated when the crystal structural data are missing. The electron densities are calculated at the MP2 level, and the volume is taken to be that inside the 0.001 au contour of the electron density. 
The UPOT of a salt (MpXq) is related to its lattice enthalpy, ∆HL, via Eq. (2)(54):

[bookmark: OLE_LINK3]where nM and nX are equal to 3 for monatomic ions, 5 for linear polyatomic ions, and 6 for polyatomic nonlinear ions. 

三、Results and Discussion 

The calculated energy at various levels of theory for 1–10 and the corresponding dissociation products are listed in Table 1. Table 2 shows the optimized interatomic distances determined by using different methods, along with previous data from the literature. The experimental bond lengths are also listed in Table 2. The calculated dissociation energies, Do, for 1–10 are shown in Table 3.

Table 1. Calculated Total Energies, E, (hartrees), Zero-Point Vibrational Energies, ZPE (kcal/mol), and Basis Set Superposition Errors, BSSE (kcal/mol),
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	MP2/a
	
	
	B3lyp/b
	
	MP2/b
	
	ccsd(T)/b
	

	
	
	
	// B3lyp /a
	
	
	//MP2/a
	
	
	
	
	//MP2/a
	
	
	

	Struct
	No
	State
	Etot
	BSSE
	ZPE
	Etot
	 BSSE
	ZPE
	Etot
	BSSE
	Etot
	BSSE
	Etot
	BSSE

	AuHe42+
	1
	2B1g 
	-146.367 
	0.117 
	4.096 
	-145.969 
	1.972 
	3.898 
	-146.369 
	0.069 
	-145.982 
	2.955 
	-146.008 
	2.943 

	AuNe42+
	2
	2B1g 
	-650.587 
	0.574 
	1.893 
	-649.626 
	3.029 
	1.722 
	-650.631 
	0.377 
	-649.768 
	2.694 
	-649.798 
	2.671 

	AuAr42+
	3
	2B1g 
	-2245.123 
	0.398 
	1.603 
	-2242.663 
	4.098 
	1.864 
	-2245.111 
	0.430 
	-2242.765 
	3.812 
	-2242.863 
	0.000 

	AuXe42+
	4
	2B1g
	-197.160 
	 0.146 
	0.884 
	-196.440 
	8.980 
	1.167 
	-197.150 
	0.089
	-1448.437
	13.774
	-196.503n 
	9.733n 

	AgHe42+
	5
	2B1g
	-157.610 
	0.221 
	4.110 
	-157.021 
	0.639 
	3.424 
	-157.612 
	0.228 
	-157.033 
	0.846 
	-157.052 
	0.746 

	AgNe42+
	6
	2B1g
	-661.834 
	1.054 
	1.957 
	-660.681 
	1.983 
	1.669 
	-661.878 
	0.288 
	-660.820 
	1.200 
	-660.850 
	1.127 

	AgAr42+
	7
	2B1g
	-2256.347 
	0.092 
	1.574 
	-2253.687 
	2.451 
	1.825 
	-2256.359 
	0.301 
	-2253.788 
	1.511 
	-2253.888 
	1.317 

	CuHe42+
	8
	2B1g
	-208.019 
	-0.284 
	4.751 
	-207.309 
	0.827 
	4.256 
	-208.021 
	0.196 
	-207.321 
	0.998 
	-207.328 
	0.926 

	CuNe42+
	9
	2B1g
	-712.244 
	-0.101 
	2.216 
	-710.972 
	2.221 
	2.070 
	-712.288 
	-0.325 
	-711.114 
	1.421 
	-711.126 
	1.381 

	CuAr42+
	10
	2B1g 
	-2306.749 
	0.231 
	1.836 
	-2303.973 
	2.600 
	1.971 
	-2306.765 
	0.184 
	-2304.073 
	1.684 
	-2304.165 
	1.539 

	[Au2+]c
	
	
	-134.637 
	0.098 
	
	-134.331 
	1.729 
	
	-134.637 
	0.074 
	-134.331 
	2.885 
	-134.334 
	2.892 

	[Au2+]d
	
	
	-134.637 
	0.204 
	
	-134.331 
	1.414 
	
	-134.637 
	0.241 
	-134.331 
	2.030 
	-134.334 
	2.017 

	[Au2+]e
	
	
	-134.637 
	 0.313 
	
	-134.331 
	1.905 
	
	-134.637 
	0.186
	-134.331 
	3.056 
	-134.334 
	3.079 

	[Au2+]f
	
	
	-134.637 
	0.059 
	
	-134.331 
	1.301 
	
	-134.637 
	-0.031 
	-134.027
	9.977
	-134.334n 
	1.312n 

	[Ag2+]g
	
	
	-145.884 
	0.207 
	
	-145.391 
	0.430 
	
	-145.884 
	0.231 
	-145.391 
	0.787 
	-145.388 
	0.703 

	[Ag2+]h
	
	
	-145.884 
	0.695 
	
	-145.391 
	0.417 
	
	-145.884 
	0.172 
	-145.391 
	0.580 
	-145.388 
	0.517 

	[Ag2+]i
	
	
	-145.884 
	-0.131 
	
	-145.391 
	0.561 
	
	-145.884 
	0.215 
	-145.391 
	0.872 
	-145.388 
	0.779 

	[Cu2+]k
	
	
	-196.273 
	-0.294 
	
	-195.661 
	0.624 
	
	-196.273 
	0.197 
	-195.661 
	0.932 
	-195.643 
	0.876 

	[Cu2]l
	
	
	-196.273 
	-0.504 
	
	-195.661 
	0.624 
	
	-196.273 
	-0.475 
	-195.661 
	0.831 
	-195.643 
	0.803 

	[Cu2]m
	
	
	-196.273 
	0.065 
	
	-195.661 
	0.817 
	
	-196.273 
	0.116 
	-195.661 
	1.100 
	-195.643 
	1.048 

	[4He]c
	
	
	-11.658 
	0.019 
	
	-11.579 
	0.242 
	
	-11.660 
	-0.005 
	-11.589 
	0.071 
	-11.610 
	0.051 

	[4He]g
	
	
	-11.658 
	0.014 
	
	-11.579 
	0.209 
	
	-11.660 
	-0.003 
	-11.589 
	0.059 
	-11.610 
	0.043 

	[4He]k
	
	
	-11.658 
	0.010 
	
	-11.579 
	0.203 
	
	-11.659 
	-0.001 
	-11.589 
	0.066 
	-11.610 
	0.050 

	[4Ne]d
	
	
	-515.865 
	0.370 
	
	-515.224 
	1.615 
	
	-515.908 
	0.136 
	-515.364 
	0.664 
	-515.390 
	0.654 

	[4Ne]h
	
	
	-515.865 
	0.359 
	
	-515.224 
	1.566 
	
	-515.908 
	0.116 
	-515.365 
	0.620 
	-515.390 
	0.610 

	[4Ne]l
	
	
	-515.864 
	0.403 
	
	-515.224 
	1.596 
	
	-515.908 
	0.150 
	-515.364 
	0.590 
	-515.390 
	0.578 

	[4Ar]e
	
	
	-2110.251 
	0.085 
	
	-2108.098 
	2.193 
	
	-2110.237 
	0.243 
	-2108.197 
	0.756 
	-2108.301 
	0.631 

	[4Ar]i
	
	
	-2110.237 
	0.223 
	
	-2108.098 
	1.890 
	
	-2110.251 
	0.086 
	-2108.197 
	0.639 
	-2108.301 
	0.538 

	[4Ar]m
	
	
	-2110.234 
	0.166 
	
	-2108.096 
	1.783 
	
	-2110.247 
	0.069 
	-2108.195 
	0.585 
	-2108.299 
	0.491 

	[4Xe]f
	
	
	-62.150 
	0.087 
	
	-61.713 
	7.679 
	
	-62.143
	0.120 
	 -1314.087
	3.79
	-61.790n 
	8.421n 




ausing the (6s6p3d1f)/4s4p3d1f contraction basis set for Xe , the (12s12p9d3f2g) / [6s6p4d3f2g] contraction basis set for Cu, Ag and Au ,and the aug- cc-pVTZ basis set for He, Ne and Ar. busing the aug-cc-pVQZ basis set for He, Ne and Ar and the small-core relativistic pseudopotentials ECP28MDF for Xe.c in AuHe42+ .d in AuNe42+ .e in AuAr42+ .f in AuXe42+ .g in AgHe42+ .h in AgNe42+ .i in AgAr42+ .k in CuHe42+ .l in CuNe42+ .m in CuAr42+ .n the large-core relativistic pseudopotentials ECP46MWB for Xe.



Table 2. Theoretically predicted and Experimentally obtained Equilibrium Distances (in A) for at Various Levels of Theory
	
	
	
	
	
	
	
	

	
	
	HF
	B3lyp/a
	Mp2/a
	
	
	

	Struct 
	

	
	//B3lyp/a
	//mp2/a
	Mp4
	  ccsd
	expt

	AuXe42+
	Au -Xe
	2.891e
	2.850 
2.871e 
	2.711 
2.787e
	
	2.714d 
	2.728(1)–2.750(1)e

	AuHe42+
	Au -He
	
	1.980 
	1.957 
	
	1.971c
	

	AuNe42+
	Au -Ne
	
	2.307 
	2.277 
	
	2.282c
	

	AuAr42+
	Au -Ar
	
	2.531 
	2.431 
	2.7176b
	
	

	AgHe42+
	Ag -He
	
	1.975 
	1.968 
	
	1.969c
	

	AgNe42+
	Ag -Ne
	
	2.262 
	2.251 
	
	2.243c
	

	AgAr42+
	Aug-Ar
	
	2.533 
	2.436 
	2.6817b
	
	

	CuHe42+
	Cu -He
	
	1.772 
	1.772 
	
	1.769c
	

	CuNe42+
	Cu -Ne
	
	2.048 
	2.046 
	
	2.032c
	

	CuAr42+
	Cu -Ar
	
	2.351 
	2.310 
	2.5428b
	 
	


[bookmark: OLE_LINK34]a  using the (6s6p3d1f)/4s4p3d1f contraction basis set for Xe , the (12s12p9d3f2g) / [6s6p4d3f2g] contraction basis set for Cu, Ag and Au ,and the aug- cc-pVTZ basis set for He, Ne and Ar. b ref 58.   c ref 40. dref 55. e ref 24.
 

[bookmark: OLE_LINK53]Table 3. Calculated Dissociation Energies Do Corrected by ZPE+BSSE (in kcal/mol) for at Various Levels of Theory
	
	
	
	
	
	
	

	
	HF
	B3lyp/a
	Mp2/a
	B3lyp/b
	MP2/b
	ccsd(T)/b

	
	
	//B3lyp/a
	//mp2/a
	
	//MP2/a
	

	AuXe42+→Au2++4Xe 
	144c 
	233.516
228c  
	238.583
199c
	231.437

	189.136
	226.863d


	[bookmark: OLE_LINK102]AuHe42+→Au2++ 4He 
	
	40.694
	31.382 
	41.024
	32.399
	32.562 

	AuNe42+→Au2++ 4Ne 
	
	50.887
	39.788 
	51.537
	41.213
	41.368 

	AuAr42+→Au2++ 4Ar 
	
	138.687
	118.716 
	146.867
	119.961
	120.036 

	AgHe42+→Ag2++ 4He 
	
	37.930
	27.656 
	38.340
	29.076
	29.636 

	AgNe42+→Ag2++ 4Ne 
	
	50.203 
	37.752
	51.583 
	39.547
	40.102

	AgAr42+→Ag2++ 4Ar 
	
	139.276 
	119.745 
	139.306 
	121.805
	122.055 

	CuHe42+→Cu2++ 4He 
	
	50.409 
	38.814 
	50.789 
	40.514 
	41.434 

	CuNe42+→Cu2++ 4Ne 
	
	64.144 
	50.560
	65.344 
	53.190
	54.200

	CuAr42+→Cu2++ 4Ar 
	
	149.804 
	131.199
	151.464 
	134.479
	136.029


ausing the (6s6p3d1f)/4s4p3d1f contraction basis set for Xe , the (12s12p9d3f2g) / [6s6p4d3f2g] contraction basis set for Cu, Ag and Au ,and the aug- cc-pVTZ basis set for He, Ne and Ar. busing the aug-cc-pVQZ basis set for He, Ne and Ar and the small-core relativistic pseudopotentials ECP28MDF for Xe. c ref 24 . dusing the large-core relativistic pseudopotentials ECP46MWB for Xe


[bookmark: OLE_LINK25]3.1 Preliminary Studies: 



[bookmark: OLE_LINK27][bookmark: OLE_LINK18]We decided to carry out a preliminary detailed study with various methods and basis sets on  to establish a precise context for the accuracy of our calculations on type systems.  is a particularly appropriate molecule for benchmark calculations because it has been experimentally and theoretically studied in detail.

[bookmark: OLE_LINK49]Thereafter, we will use a two-pronged evaluation strategy, including direct and indirect evaluation methods, to assess the reliability of our theoretical results on .
[bookmark: OLE_LINK143][bookmark: OLE_LINK105]In the direct evaluation method, the reliability of our theoretical results on AuXe42+ (Sb2F11−1)2 is examined by comparing our theoretically calculated results of the spectroscopic constants, namely, bond lengths and dissociation energies, with previous theoretical and experimental data. 



[bookmark: OLE_LINK37][bookmark: OLE_LINK113][bookmark: OLE_LINK21][bookmark: OLE_LINK20][bookmark: OLE_LINK114][bookmark: OLE_LINK101][bookmark: OLE_LINK36]In the indirect evaluation method, we mainly focused on the reliability of our prediction on the existence and stability of  based on Born–Haber cycles. This task involves accurately estimating the lattice potential energy of . The lattice potential energy is a dominant term in the thermodynamic analysis of the existence and stability of ionic solids. While direct experimental determination of the lattice potential energy is generally impossible, we demonstrate later that our predictions on the existence and stability of the ionic solid salt  can be achieved by combining our computed lattice potential energies with other known thermodynamic functional terms, such as bond energy, sublimation enthalpy, ionization potential, and dissociation energy D0. Our predictions are consistent with the experimental observation that this ionic solid salt is stable with respect to the starting materials, and this consistency indirectly indicates that our calculations of lattice energy are reliable.

In the indirect evaluation process, the individual ion volumes of the cation computed in this study and used to estimate the lattice energy are notably in good agreement with the experimental values, thus further ensuring that our calculation results are reliable.

Bond lengths and dissociation energy of 




[bookmark: OLE_LINK4][bookmark: OLE_LINK40][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK51][bookmark: OLE_LINK32][bookmark: OLE_LINK31][bookmark: OLE_LINK52]The optimized  exhibits a square planar D4h symmetry with Au ions in the center connected to the four Xe atoms and has a 2B1g electronic ground state.Table 2 shows that our theoretically determined equilibrium distance for at the MP2 level is 2.711 Å, which is slightly lower than the experimental value. By contrast, the corresponding B3lyp value is 2.85 Å, which is higher by approximately 0.1 Å compared with the experimental value. We note that the MP2 and B3lyp results for  by Seidel(24) using pseudopotentials and small basis sets are 2.871 and 2.787 Å, respectively. Seidel predicted that the bond distances at the B3lyp and MP2 levels are longer than our results by as much as 0.02 and 0.07 Å, respectively, thereby demonstrating the need for large basis sets to describe these weak interaction systems. Li (55) reported that the calculated  value (2.714 Å) at the high theoretical level ccsd(T) is nearly identical to the experimental ones. Thus, a high theoretical level ccsd(T) with a large basis set will produce results close to the experimental value limit. However, theoretical level MP2 is an optimal compromise choice between accuracy and cost for our full calculations on weak interaction systems considering computational feasibility. Our result at the MP2 level is reliable.


[bookmark: OLE_LINK33][bookmark: OLE_LINK120][bookmark: OLE_LINK103][bookmark: OLE_LINK35]We now discuss the dissociation energy of . Table 3 shows that  is predicted to be stable toward dissociating into Au2+ and 4Xe at all levels of theory employed in our study. The predicted dissociation energy Do corrected by the BSSE and ZPE varies between 189.136 and 238.583 kcal/mol (Table 3). The mean dissociation energy with respect to Au2+ and 4Xe is predicted to be approximately 208 kcal/mol (taking the average of the last two columns in Table 3). This value is a little higher than the 200 kcal/mol mean dissociation energy predicted by Seidel(24). The predicted bond distance (2.891 Å) at the HF level by Seidel is very long. Hence, the 144 kcal/mol dissociation energy calculated at the HF level by Seidel is unreliable and underestimates the mean dissociation energy with respect to Au2+ and 4Xe. Thus, the mean dissociation energy (208 kcal/mol) is reasonable with respect to Au2+ and 4Xe.


[bookmark: OLE_LINK111][bookmark: OLE_LINK144][bookmark: OLE_LINK24][bookmark: OLE_LINK106]Existence and stability prediction of  based on Born–Haber cycles

[bookmark: OLE_LINK55]A synthetic route according to reaction 1 could be adopted to prepare the  salt compound. Figure 1 shows the corresponding Born–Haber cycle.
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Figure 1. Born–Haber cycle for the preparation of  via preparative route (1).








[bookmark: OLE_LINK42]An estimation of the enthalpy change for reaction 1, ∆H(1), can be acquired via a thermochemical cycle, such as that in Figure 1. The cycle requires estimation of the lattice potential energy of , . We obtain V=0.6217 nm3 (V1/3=0.853 nm), which provides a value of =312.06 kcal/mol, via Eq. (1). This goal is achieved according to the well-established crystal structural data of  with cell dimensions of a=794.0±1 pm, b =917.7±1 pm, c =1739.1(3) pm, α=99.539±5°, β=92.640±4°, and γ=94.646±5°, unit cell volume V=1243.4×106 pm3, and number of molecular units in the unit cell Z=2(24). The RT terms are corrected by means of Eq. (2), ∆HL=313.84 kcal/mol.








[bookmark: OLE_LINK41][bookmark: OLE_LINK45][bookmark: OLE_LINK48]As we'll see later,we need to calculate the volume of  ions at the MP2 level because of the absence of the crystal structural data of salts. This task is necessary to estimate the lattice potential energy of . Here, we also calculate the volume of the  ion at the MP2 level to verify the accuracy and validity of the calculation of the  ion volume. The obtained  ion volume of 0.198 nm3 is in good agreement and within the allowable error range of the volume estimated 0.168±0.040 nm3 by subtracting 2V=2×0.227±0.020 nm3 ( Table 6, Ref. 53) from the reported crystal structural volume V=0.6217 nm3 ;.


[bookmark: OLE_LINK47][bookmark: OLE_LINK61][bookmark: OLE_LINK63][bookmark: OLE_LINK149][bookmark: OLE_LINK65][bookmark: OLE_LINK67]The necessary ancillary thermochemical data are as follows: the energy of the F–F bond, BE (F2,g)(56)=37 kcal/mol, sublimation enthalpy of the solid phase Au(s)(56), ∆Hs(Au(s)→Au(g))=85.7 kcal/mol, ionization potential of gaseous Au(56), IE (Au,g)=I1+I2=684.47 kcal/mol, dissociation energy of , D0()=208 kcal/mol (taking the average of the last two columns in Table 3), electron affinity of gaseous F(56), 2EA(F,g)=−2×81.1=−162.2 kcal/mol, and ∆Hf298(2SbF5+F−→Sb2F11−). The F ionization enthalpy of Sb2F11−1, ∆Hf298(Sb2F11−→2SbF5+F−) has not been measured. However, SbF6− is as stable with respect to F− loss as AsF6−, for which the enthalpy change has been estimated(57) to be 111 kcal/mol. Anion Sb2F11−1 is more stable(25) than anion sbF6−. Thus, ∆Hf298(2SbF5+F−→Sb2F11−) must be <−111 kcal/mol. The corresponding enthalpy change ∆H(1) is estimated to be <−98.87 kcal/mol.



[bookmark: OLE_LINK70][bookmark: OLE_LINK60][bookmark: OLE_LINK84][bookmark: OLE_LINK62][bookmark: OLE_LINK38][bookmark: OLE_LINK71]The compound stability depends on free energy changes ∆G and not on enthalpy ones. Hence, the entropy contributions from the T∆S term to the free energy must be included. The entropy change of reaction 1 will be negative (i.e., the products are more ordered than the reactants) and equal to S°–S°(Au,s)–4S°(Xe,g)–S°(F2,g)–4S°(SbF5,g). The entropies of SbF5(g) and  are unknown. Nevertheless, we can use the entropies of PF5(g)(56) and Ca5(IO6)2(s)(56), which are 72.66 and 108.4 kcal/mol, respectively, to estimate the value for SbF5(g) and . The well-established entropies of Au(s), Xe(g), and F2(g)(56) are 11.33, 40.529, and 48.51 kcal/mol, respectively. Based on these values, we obtain an estimate for the entropy of reaction 1, ∆S=−404.196 kcal/mol.


  The free energy change of the chemical reaction must be negative for it to be thermodynamically favorable. The use of the above-mentioned estimation of the entropy change ∆S and enthalpy change ∆H(1) leads us to predict that the free energy change ∆G=∆H−T∆S is negative when the temperature T is <244.61 K=−28.39 °C. Specifically, the solid  salt compound may exist at a temperature lower than −28.39 °C. This prediction is consistent with the observation that the  salt compound can be prepared at −40 °C.


[bookmark: OLE_LINK115][bookmark: OLE_LINK116]The above success in predicting the existence and stability of  allows us to adopt a similar methodology for effectively predicting the existence and stability of  in the next step. 









[bookmark: OLE_LINK46]3.2 Specific studies:   The optimized bond lengths  for  determined using different methods are reported in Table 2. As already observed in the AuXe42+ benchmark work, the optimized  exhibits a square planar D4h symmetry with the ion at the center connected to the 4Ng atoms and manifests the 2B1g electronic ground state. The data in Table 2 also show that our theoretically determined equilibrium distances for  at the MP2 level are shorter than the corresponding B3lyp values. In comparison with the available previous theoretical data, our predicted equilibrium distances for  at the MP2 level are in excellent agreement with the values predicted by Li(40) at the high theoretical level ccsd(T). Some previous studies by Walker(58) using pseudopotentials and smaller basis sets predicted bond distances  (Ng=Ar, M=Au,Ag,Cu) longer than our MP2 results. This finding reconfirms that electron correlations at high levels and large basis sets are required to describe these weak interaction systems. 








[bookmark: OLE_LINK121]We now discuss the dissociation energy of . As observed in the AuXe42+ work, Table 3 shows that, at all levels of theory employed in our study, is predicted to be stable toward dissociating into ions and 4Ng atoms in the ground state. The data in Table 3 also show that the dissociation energy of  at the MP2 level of theory is basically consistent with the corresponding value at the ccsd(T) level. Our calculations provide trends essentially similar to those of Walker(58). The calculated dissociation energy of  at all levels of theory employed are consistently lower than those of either  or  while that of  increase along the series Ag, Au, and Cu.
[bookmark: OLE_LINK117]

Existence and stability prediction of  based on Born–Haber cycles



[bookmark: OLE_LINK68][bookmark: OLE_LINK58][bookmark: OLE_LINK19][bookmark: OLE_LINK59]Here, we use the synthetic route of reaction 2 similar to that used in the previous study of  to prepare . Figure 2 shows the corresponding Born–Haber cycles.
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Figure 2. Born–Haber cycle for the preparation of  via preparative route (2).




[bookmark: OLE_LINK28]We now discuss the corresponding enthalpy change ∆H(2) for  on the basis of reaction 2 and Figure 2 by following the procedures described previously for  considering each salt in turn. 





In the case of , the entropy change will be negative (i.e., the products are more ordered than the reactants) for the corresponding reaction 2 and equal to S°(,s)–S°(Au,s)–4S°(Ar,g)–S°(F2,g)–4S°(SbF5,g). The well-established entropies Au(s), Ar(g), and F2(g)(56) are 11.33, 37.04, and 48.51 kcal/mol, respectively. Based on these values, we obtain an estimate for the entropy of the corresponding reaction 2, ∆S=−390.24 kcal/mol.




[bookmark: OLE_LINK122]As mentioned in the previous study of , we can estimate the volume of MNg42+ ions at the MP2 level without further explanation in the rest of this article because of the absence of crystal structural data of  salt compounds. Here, the calculated volume of the AuAr42+ ions at the MP2 level is 0.129 nm3. Thus, we obtain a value of V=V(AuAr42+)+2V(Sb2F11−1)=0.129 +2×0.227±0.020 nm3=0.583 nm3±0.040 nm3 (V1/3= 0.835 nm) and a value of UPOT=1324.681 kJ/mol. The RT terms are corrected by using Eq. (2), ∆HL=1332.111 kJ/mol=318.686 kcal/mol.



[bookmark: OLE_LINK156][bookmark: OLE_LINK123]The necessary ancillary thermochemical data are as follows: sublimation enthalpy of Au(s)(56), ∆Hf(Au(c)→Au(g))=85.7 kcal/mol, ionization potential of gaseous Ag(56), IE (Au,g) =I1+I2=684.47 kcal/mol, dissociation energy of AuAr42+, D0(AuAr42+)=119.961 kcal/mol (Table 3), and the well-established BE (F2,g)(56)=37 kcal/mol, 2EA(F,g)=−2×81.1=−162.2 kcal/mol, and ∆Hf298(2SbF5+F−→Sb2F11−)<−111 kcal/mol. The corresponding enthalpy change ∆H(2) for  is estimated to be <−15.477 kcal/mol. Hence, the use of the estimation of the entropy change ∆S described above leads us to predict that the corresponding free energy change ∆G(2)=∆H−T∆S is negative when the temperature T is <48.56 K=−224.43 °C. Specifically, the  salt compound may exist at temperatures lower than −224.43 °C. 


 


In the case of , the entropy change of the corresponding reaction 2 will be negative (i.e., the products are more ordered than the reactants) and equal to S°(,s)–S°(Ag,s)–4S°(Ar,g)–S°(F2,g)–4S°(SbF5,g). The well-established entropies Ag(s), Ar(g), and F2(g) (56) are 10.17, 37.04, and 48.51 kcal/mol, respectively. Based on these values, we can estimate the entropy of the corresponding reaction 2, ∆S=−389.08 kcal/mol.


The calculated volume of the AgAr42+ at the MP2 level is 0.128 nm3. We obtain a value of V=V(AgAr42+)+2V(Sb2F11−1)=0.128+2×0.227±0.020 nm3=0.582 nm3 (V1/3=0.835 nm) and a value of UPOT=1324.681 kJ/mol. The RT terms are corrected by using Eq. (2), ∆HL=318.687 kcal/mol.


The necessary ancillary thermochemical data are as follows: sublimation enthalpy of Ag(s)(56), ∆Hf(Ag(c)→Ag(g))=68.01kcal/mol, ionization potential of gaseous Ag(56), IE (Ag,g)=I1+I2=670.35 kcal/mol, dissociation energy of AgAr42+, D0(AgAr42+)=121.805 kcal/mol (Table 3), and the well-established BE (F2,g)(56)=37 kcal/mol, 2EA(F,g)=−2×81.1=−162.2 kcal/mol, and ∆Hf298(2SbF5+F−→Sb2F11−)<−111 kcal/mol. The corresponding enthalpy change ∆H(2) for  is estimated to be <−49.332 kcal/mol. Hence, the use of the estimation of ∆S described above leads us to predict that the ∆G change is negative, and ∆G(2)=∆H−T∆S <0 when the temperature T is <126.79 K=−146.21 °C. Specifically, the  salt may exist at temperatures lower than −146.21 °C. 


 



    In the case of , the entropy change of the corresponding reaction 2 will be negative (i.e., the products are more ordered than the reactants) and equal to S°–S°(Cu,s)–4S°(Ar,g)–S°(F2,g)−4S°(SbF5,g). The well-established entropies Cu(s), Ar(g), and F2(g)(56) are 7.923, 37.04, and 48.51 kcal/mol, respectively. Based on these values, we can estimate the entropy of the corresponding reaction 2, ∆S=−386.833 kcal/mol.


The calculated volume of the CuAr42+ at the MP2 level is 0.121 nm3. We obtain a value of V=V(CuAr42+)+2V(Sb2F11−1)=0.121+2×0.227±0.020 nm3=0.575 nm3 (V 1/3=0.831 nm) and a value of UPOT=1329.299 kJ/mol. The RT terms are corrected by using Eq. (2), ∆HL=319.792 kcal/mol.



The necessary ancillary thermochemical data are as follows: sublimation enthalpy of Cu(s)(56), ∆Hf(Cu(s)→Cu(g))=80.86kcal/mol, ionization potential of gaseous Cu(g)(56), IE (Cu,g)=I1+I2=7.726+20.292=646.103kcal/mol, dissociation energy of CuAr42+, D0(CuAr42+)=134.479 kcal/mol (Table 3), and the well-established BE (F2,g)(56)=37 kcal/mol, 2EA(F,g)=−2×81.1=−162.2 kcal/mol, and ∆Hf298(2SbF5+F−→Sb2F11−)<−111 kcal/mol. The corresponding enthalpy change ∆H(2) for  is estimated to be <−74.508 kcal/mol. Hence, the use of the estimation of ∆S described above allows us to predict that the ∆G change is negative, and ∆G(2)=∆H−T∆S<0 when the temperature T is <192.61 K=−80.39 °C. Specifically, the  salt may exist at temperatures lower than −80.39 °C.






[bookmark: OLE_LINK126][bookmark: OLE_LINK130]The results above show that  bulk salt compounds can be synthesized. Of these, the  salt compound is a promising candidate. The predicted stable temperature of  is the highest among those obtained for the  salt compounds, likely because Cu has the largest binding energy with Ar and the smallest ionic radius among the  systems studied.









[bookmark: OLE_LINK129][bookmark: OLE_LINK148]Our calculations in the case of  indicate that the corresponding enthalpy change ∆H(2) for , except for , may be estimated to be positive (Supporting information). This expectation is attributed to the low M–Ng binding energies in the  systems; These energies decrease with decreasing atomic number of the noble gas (Ng). The entropy change ∆S for the corresponding reaction 2 will be negative (i.e., the products are more ordered than the reactants). Accordingly, the corresponding free energy changes ∆G(2)=∆H−T∆S for  , except for  ,are estimated to be positive, which means the corresponding solid salt compounds cannot be stabilized in the ionic form.



[bookmark: OLE_LINK157][bookmark: OLE_LINK127]The calculations for  indicate that the corresponding enthalpy change ∆H(2) may be estimated to be <−0.666 kcal/mol. This finding seems to show that the  salt compound can be stabilized at extremely cold temperatures. However, such a small estimate of enthalpy change (<−0.666 kcal/mol) is unreliable considering the evaluated errors. Thus, the outlook for synthesizing the  salt compound is also obscure.

四、 Summary
Our study conclusions can be summarized as follows:


[bookmark: OLE_LINK133][bookmark: OLE_LINK128]1. Benchmark calculations show that our theoretical results on the spectroscopic constants of  are in good agreement with previous theoretical and experimental findings. Our predictions that the  salt compound may exist at temperatures lower than −28.39 °C are consistent with the observation that it can be prepared at −40 °C. Our predicted individual ion volumes of the AuXe42+ cation, which are used to estimate lattice energies are in good agreement with the experimental values. The validity of the theoretical calculation methods in the benchmark calculations demonstrated above ensures that our calculation results in this article are reliable.
[bookmark: OLE_LINK154]2. Our calculations show that the corresponding enthalpy change ∆H(2) for MAr42+(Sb2F11−1)2 (M=Au,Ag,Cu) could be estimated to be <−15.477, −49.332, and −74.508 kcal/mol, respectively, according to the Born–Haber cycle. MAr42+(Sb2F11−1)2 (M=Au,Ag,Cu) salt compounds can be synthesized, and their upper-limit stable temperatures are estimated to be −224.43, −146.21, and −80.39 °C, respectively. The bulk salt compound CuAr42+ (Sb2F11−1)2 is the most promising candidate for synthesis due to Cu having the largest binding energy with Ar and the smallest ionic radius among the MAr42+(M=Ag,Cu,Au) systems.

3．Our calculations also show that the outlook for synthesizing the  salt compounds is obscure.
4. Accurate predictions of the stability of ionic salt compounds should be based on rigorous Born–Haber cycles, and the starting material of the cycles must be stable. 
[bookmark: OLE_LINK132]
五、Chemical significance


[bookmark: OLE_LINK139]Our prediction that MAr42+(Sb2F11−1)2 (M=Au,Ag,Cu) salt compounds can be stabilized simultaneously addresses the two fascinating challenges posed at the beginning of this article. Indeed, both a bulk salt compound containing a noble gas lighter than krypton and the congeners of AuXe42+(Sb2F11−1)2 containing noble gases other than Xe can be synthesized. The near-zero estimate of the enthalpy change −0.666 kcal/mol of the  also suggests that, in principle, synthesizing the bulk salt compound  (where M is a suitable coordinating metal ion with a higher binding energy for Ne than Cu has for the noble gas but a smaller radius than the Cu ion), which is a light congener of AuXe42+(Sb2F11−1)2, is possible. Our results present new perspectives for future experimentation on these compounds.
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