
1 

 

THE COORDINATION CHEMISTRY OF XENON TRIOXIDE WITH OXYGEN BASES 

 

 

 

 

By 

 

KATHERINE M. MARCZENKO 

 

 

 

A Thesis 

Submitted to the School of Graduate Studies 

In Partial Fulfillment of the Requirements 

for the Degree  

Masters of Science 

 

 

 

 

McMaster University 

© Copyright by Katherine M. Marczenko, 2018 

 



ii  

 

MASTERS OF SCIENCE                   McMaster University 

(Chemistry)                     Hamilton, ON 

 

 

 

TITLE:       THE COORDINATION CHEMISTRY OF XENON TRIOXIDE WITH OXYGEN BASES 

 

AUTHOR:   Katherine M. Marczenko, B. Sc. (University of Guelph) 

SUPERVISOR:   Professor Gary J. Schrobilgen 

PAGES:   245 

 

 

 

 

 

 

 

 



iii  

 

ABSTRACT 

 

This thesis extends our fundamental knowledge in the area of high oxidation state 

chemistry of xenon trioxide, XeO3. Oxygen coordination to the Xe(VI) atom of XeO3 was 

observed in its adducts with triphenylphosphine oxide, [(C6H5)3PO]2XeO3, 

dimethylsulfoxide, [(CH3)2SO]3(XeO3)2, pyridine-N-oxide, (C5H5NO)3(XeO3)2, and 

acetone, [(CH3)2CO]3XeO3. The crystalline adducts were characterized by low-temperature 

single-crystal X-ray diffraction and Raman spectroscopy. Unlike solid XeO3, which 

detonates when mechanically or thermally shocked, the solid [(C6H5)3PO]2XeO3, 

[(CH3)2SO]3(XeO3)2, and (C5H5NO)3(XeO3)2 adducts are insensitive to mechanical shock, 

but undergo deflagration when exposed to a flame. Both [(C6H5)3PO]2XeO3 and 

(C5H5NO)3(XeO3)2 are air-stable at room temperature. The xenon coordination sphere in 

[(C6H5)3PO]2XeO3 is a distorted square pyramid and provides the first example of a five-

coordinate Xe center in a XeO3 adduct. The xenon coordination sphere of the remaining 

adducts are distorted octahedral comprised of three equivalent Xe---O secondary contacts 

that are approximately trans to the primary XeïO bonds of XeO3. Hirshfeld surfaces of 

XeO3 and (C6H5)3PO in [(C6H5)3PO]2XeO3 show the adduct is well-isolated in its crystal 

structure and provide a visual representation of the secondary Xe---O bonding in this 

adduct.  

Crown ethers have been known for over 50 years, but no example of a complex 

between a noble-gas compound and a crown ether or another polydentate ligand had been 

reported. Xenon trioxide is shown to react with 15-crown-5 to form the kinetically stable 
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(CH2CH2O)5XeO3 adduct which, in marked contrast with solid XeO3, does not detonate 

when mechanically shocked. The crystal structure shows that the five oxygen atoms of the 

crown ether are coordinated to the xenon atom of XeO3. The gas-phase Wiberg bond 

valences and indices and empirical bond valences indicate the Xe---Ocrown bonds are 

predominantly electrostatic, ů-hole, bonds. Mappings of the electrostatic potential (EP) 

onto the Hirshfeld surfaces of XeO3 and 15-crown-5 in (CH2CH2O)5XeO3 and a detailed 

examination of the molecular electrostatic potential surface (MEPS) of XeO3 and 

(CH2CH2O)5 reveal regions of negative EP on the oxygen atoms of (CH2CH2O)5 and 

regions of high positive EP on the xenon atom that are also consistent with ů-hole bonding. 

Reactions of crown ethers with HF acidified aqueous solutions of XeO3 at room-

temperature yielded adducts of 12-crown-4, (CH2CH2O)4XeO3, and 18-crown-6, 

[(CH2CH2O)6XeO3Ā2H2O]2ĀHF, whereas slow cooling of a solution of XeO3 with 18-

crown-6 in acetone yielded (CH2CH2O)6XeO3Ā2H2O. The adducts (CH2CH2O)4XeO3 and 

(CH2CH2O)6XeO3Ā2H2O are shock-insensitive whereas the former adduct is air-stable at 

room temperature. The low-temperature, single-crystal X-ray structures show the Xe atom 

of XeO3 coordinated to the oxygen atoms of the crown ether ring. Uncharacteristic xenon 

coordination numbers exceeding six (including the three primary bonds of XeO3) were 

observed for all crown ether adducts. Raman spectroscopy frequency shifts are consistent 

with complex formation and provided evidence for the 2,2,1-cryptand adduct of XeO3. Gas-

phase Wiberg bond valences and indices and empirical solid-state bond valences confirmed 

the electrostatic nature of the Xe---O bonding interactions. Comparisons between the XeO3 

and SbF3 18-crown-6, 15-crown-5, and 12-crown-4 complexes are made. 
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Incorporation of xenon trioxide, XeO3, into inorganic polyatomic salts under 

ambient conditions has been observed in several mixed xenate salts; K[XeO3XO3] (X = Cl, 

Br), K2[XeO3SeO4]ĀHF, K[(XeO3)nZO3] (Z = I, N), and M2[(XeO3)nCO3]ĀxH2O (M = Na, 

K, Rb, Ba). Raman spectroscopy was used to identify the aforementioned compounds and 

K[XeO3ClO3], K[XeO3BrO3], K2[XeO3SeO4]ĀHF, and Rb2[(XeO3)2CO3]Ā2H2O were also 

characterized by low-temperature, single-crystal X-ray diffraction. The xenon atom of 

XeO3 is seven coordinate in K[XeO3ClO3] and six coordinate in all other compounds with 

Xe---O distances that are significantly less than the sum of the Xe and O van der Waals 

radii. These salts provide examples of XeO3 coordinated to inorganic compounds and may 

provide insights into the inclusion of xenon oxides in minerals. 
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1.  

Introduction 

1.1 Noble-gas Reactivity and the Binary  Xenon Fluorides 

The primary focus of this Thesis is on the chemistry of xenon(VI)  trioxide, XeO3. 

Noble-gases were thought to be chemically inert for many years because of the full octet 

of valence electrons. Several excellent review articles and historical accounts describe the 

discovery of noble-gas reactivity and experiments preceding the discovery.[1ï14] 

Isolation of fluorine was instrumental in the discovery of noble-gas reactivity. In 

1886, Henri Moissan isolated elemental fluorine by the electrolysis of dry hydrogen 

fluoride and potassium bifluoride solutions.[15] He later attempted to demonstrate noble-gas 

reactivity with the reactions of argon and fluorine gases at room temperature and under the 

action of an induction spark, but without success. Several notable attempts were made by 

von Antropoff[16] and Yost and Kaye.[17] It was not until 1962 that the first noble-gas 

compound was synthesized. Neil Bartlett reacted deep red-brown PtF6 vapor with xenon 

gas at room temperature.[18] The product that immediately formed was a yellow-orange 

solid, initially formulated as [Xe][PtF6] and later corrected to [XeF][PtF6] which gave 

[XeF][Pt2F11] upon warming to Ò 60 oC.[19,20] Within a decade of the discovery of noble-

gas reactivity, over one-hundred noble-gas compounds were known.[21]  

Over the past several years, noble-gas compounds, in particular XeF2, have found 

synthetic applications in areas of small molecule syntheses and materials science. Since the 

first preparation of XeF2
[22,23] several effective preparations have been reported.[24ī26] Up 

CHAPTER 1 
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to 1 kg of XeF2 can be prepared by UV irradiation of a gaseous xenon-fluorine mixture in 

a 1:2 molar ration with 1 mol% of HF in fluorine as a catalyst.[27] Xenon difluoride rapidly 

etches silicon and does not require external energy sources to initiate and maintain the 

etching process.[28] It has been used, for example, as a dry isotropic etchant for silicon, 

particularly in the fabrication of thermoelectric IR microsensors.[29] Gaseous XeF2 is used 

for surface fluorination of polyethylene and polystyrene.[30] Elemental fluorine and XeF2 

have also been used to fluorinate single-wall carbon nanotubes at 200 oC.[31] Oxidative, 

aromatic, alkene, and radical fluorination are among several fluorination reactions that 

XeF2 undertakes.[30ï34] Xenon difluoride is a strong fluorinating and oxidizing agent which 

forms the more powerful fluorinating XeF+ and Xe2F3
+ cations in the presence of strong 

fluoride ion acceptors.[35]  

Xenon tetrafluoride, XeF4, was first synthesized mere months after Bartlettôs 

discovery of noble-gas reactivity at Argonne National Laboratory, IL, by the reaction of 

Xe and F2 in a 1:5 molar ration at 400 oC (~2 to 3 atm).[36] Xenon tetrafluoride is a weaker 

fluoride ion donor than XeF2
[37] and requires stronger fluoride-ion acceptors to form the 

corresponding XeF3
+ cation. Xenon tetrafluoride has been used as a decomposition agent 

of silicone rubber for the determination of trace metal impurities in the rubber.[38]  

Xenon hexafluoride, XeF6 is synthesized by the reaction of elemental xenon with 

20 or greater equivalents of F2 at ca. 300 oC and pressures above 50 atm (eq 1.1).[39] 

Although XeF6 does not have any known applications, it is the precursor for all known 

Xe(VI) compounds (the hydrolysis of XeF4 also forms XeO3; see Sec. 1.2.2).[40] All  known 
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xenon oxide fluorides (XeOF4,
 [41,42] XeO2F2,

 [43] XeO3F2,
 [44] XeO2F4

[45]) are synthesized 

by reaction of XeF6 and an oxide source (eq 1.1ï1.5).  

Xe + 3F2    XeF6        (1.1) 

XeF6 + H2O    XeOF4 + 2HF      (1.2) 

XeF6 + 2H2O    XeO2F2 + 4HF      (1.3) 

XeF6 + XeO4   XeO3F2 + XeOF4      (1.4) 

XeF6 + XeO3F2    XeO2F4 + XeOF4      (1.5) 

1.2 Noble-gas Oxides 

Xenon is the only group 18 element which forms stable binary oxides. Binary 

krypton oxides are suspected to form under high pressure,[46] however no experimental 

evidence of a binary krypton, or any other noble-gas oxide has been forthcoming.  

Only three binary xenon oxides, XeO2, XeO3, and XeO4, have been synthesized in 

macroscopic quantities. Xenon dioxide was the last of these three compounds to have been 

synthesized, lending to its designation as the ñmissing xenon oxideò.[47] 

 Xenon Dioxide 

An early study reported the hydrolysis of XeF4 and the formation of a transient 

yellow solid at 0 oC. The transient yellow product was never isolated or characterized.[48] 

Co-condensation of XeF4 and H2O at ī80 
oC yielded a pale-yellow product that was 

incorrectly formulated as XeOF2 and was erroneously assumed to be the aforementioned 

transient yellow species.[49] The co-condensed product was later unambiguously assigned 

to a mixture of XeOF2 and XeOF2ĀnHF.[50]  
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In 2011, macroscopic quantities of the aforementioned transient yellow solid were 

obtained and unambiguously shown to be XeO2 by Raman spectroscopy.[47] The addition 

of crystalline XeF4 to either water or 2.00 M H2SO4(aq) at 0 oC with mixing for ca. 20 s 

produced bright yellow suspensions. The bright yellow solids were consistent with 

polymeric XeO2 while the initial yellow-orange products were suspected to be a mixture of 

molecular XeO2 and/or lower molecular weight polymorphs due to incomplete 

polymerization (eq 1.6).[47]  

nXeF4 + 2nH2O  [nXeO2 and/or n/m(XeO2)m] + 4nHF  (XeO2)n + 4nHF (n > m) 

         (eq 1.6)  

The yellow product decomposes rapidly near ambient temperature but is kinetically 

stabilized at low-temperatures. As such, characterization was only possible by low-

temperature Raman spectroscopy. Monomeric XeO2 is predicted to have a square-planar 

AX2E2 (X = bond pair, E = valence electron lone pair) VSEPR[51] arrangement of bond 

pairs and lone pairs (Figure 1.1, Structure I). The insolubility of XeO2 in aqueous media, 

as well as the Raman spectra of Xe16O2 and Xe18O2, support an extended (chain or network) 

XeO2 structure with a local square-planar geometry around xenon (Figure 1.1, Structure 

II) , which is consistent with the geometry predicted by the VSPER model of molecular 

geometry.[47]  

Earthôs atmosphere contains less than 10% of the aticpiated amount of xenon gas. It 

was hypothesized that xenon displaces silicon from quartz at high pressures and 

temperature. The vibrational spectra of Xe16O2 and Xe18O2 amend prior vibrational 

assignments of xenon doped SiO2,
[52] and is in accordance with speculation that at high 
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temperatures and high pressures covalently bound xenon occurs in natural silicates deep in 

the Earthôs crust, providing a plausible explanation for the Earthôs missing xenon.  

 

 

   

Figure 1.1. Monomeric (C2v) and polymeric structures of XeO2; reproduced with 

permission from ref. 47.  

 

 Xenon Trioxide 

Xenon trioxide is the first xenon oxide to have been synthesized and structurally 

characterized. Pizter predicted that xenon oxides would be unstable and possibly 

explosive.[53] Bartlett and Rao inadequately synthesized XeO3 in 1963 through the 

hydrolysis of XeF4 (eq 1.7). The white solid detonated upon warming under vacuum, 

completely destroying the glass vessel. The event unfortunately led to the injury of one of 

Bartlettôs eyes and hospitalization of both researchers. Bartlett and Rao[54] initially 

formulated the solid as Xe(OH)4 or XeO2Ā2H2O. Later that year, two independent research 

groups synthesized the compound and confirmed the solid was XeO3 by vibrational 

spectroscopy[55] and single-crystal X-ray diffraction.[40] 
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A second study reported the synthesis of xenon trioxide by hydrolysis of XeF6 (eq 

1.8).[56] This synthetic route to XeO3 is preferred over the hydrolysis of XeF4 because it is 

more economic with respect to the XeO3 yield, and the later is a redox disproportionation 

reaction that proceeds through the bright yellow XeO2 intermediate, yielding a large molar 

excess (12mol) of HF with respect to XeO3. Hydrogen fluoride can be removed through 

co-evaporation with H2O or neutralization with MgO followed by centrifugation of 

precipitated MgF2. Because small amounts of residual magnesium salts contaminate the 

solution, co-evaporation of HF and H2O without neutralization is preferred.   

6XeF4 + 12H2O 2XeO3 + 3O2 + 4Xe +24HF     (1.7) 

XeF6 + 3H2O  XeO3 + 6HF      (1.8) 

The colorless XeO3 solid readily absorbs water from humid air to form a 

concentrated aqueous solution.[57] The solid is not volatile at room temperature and 

extremely sensitive to both mechanical and thermal shock. The solid readily detonates with 

mild friction, when heated, when exposed to cellulose, and even when left undisturbed. 

Detonation of the solid results in liberation of Xe and O2 gases and 406 kJ molī1 of 

energy.[58] The highly explosive nature of this solid makes storing and handling of the 

compound extremely difficult, and has hindered research on XeO3 in the solid state; 

however, its aqueous solution is stable indefinitely.  

In 2016, Goettel and Schrobilgen reported the isolation and low-temperature X-ray 

crystal structures of two new phases of XeO3, and a higher precision single-crystal X-ray 

structure of the original phase.[59] The solid-state structures (Figure 1.2) of XeO3 show the 
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trigonal pyramidal geometry of Xe (C3v)
[60] with Xe---O bonding interactions between 

neighboring XeO3 molecules.  

 

 

    

 

Figure 1.2. The three solid state structures of XeO3; reproduced with permission from 

ref. 59.  

 

 Xenon Tetroxide 

Xenon is the only main-group element that exhibits the +8 oxidation state and 

oxygen is the only element that is able to stabilize xenon in this oxidation state. Xenon 

tetroxide, XeO4, was first synthesized by Huston in 1963 by reaction of sodium perxenate 

(see Sec. 1. 2. 4) with concentrated sulfuric acid at room temperature (eq 1.9).[61]  

-hXeO3 -̡XeO3 

-ɻXeO3 
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Na4XeO6 + 2H2SO4    XeO4 + 2Na2[SO4] + 2H2O       (1.9) 

Xenon tetroxide is a pale yellow solid which melts at ī36.9 Ñ 0.2 oC to give a yellow 

liquid.[61] The liquid state of XeO4 is thermodynamically unstable and will detonate with 

liberation of its elements and the release of 642 kJ molī1 of energy.[57] Unlike XeO3, XeO4 

does have an appreciable vapor pressure (ca. 25 mm Hg, 20 oC) and can be distilled under 

dynamic or static vacuum. Until recently, the crystal structure of XeO4 was unknown and 

characterization was limited to mass spectrometry,[61] electron diffraction studies,[62] 

vibrational spectroscopy, and 129Xe and 131Xe solution NMR studies.[63] The crystal 

structure of XeO4 (Figure 1.3) is isotypic with those of OsO4 and RuO4īII and contains 

four XeīO bonds (1.747(2) Å) that are somewhat shorter than those of XeO3 (1.7559(11)ï

1.7801(11) Å).[64]    

 

Figure 1.3. The X-ray crystal structure of XeO4 showing (a) two contacts between two 

XeO4 molecules and (b) the single shortest contact between two XeO4 

molecules; reproduced with permission from ref. 64.  

 

 Other Xenon Oxide Species 

1.2.4.1 Perxenate Salts 

Perxenate (XeO6
4ï) salts are the most stable xenon species known. The XeO4

6ī ion 

was obtained as its sodium salt by the hydrolysis of XeF6 in aqueous NaOH (eq 1.10).[65,66] 
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A higher yeild synthesis employs the hydrolysis of XeF6 followed by bascification and 

ozonation of the resulting aqueous XeO3 solution (eq 1.11).[67]  

2XeO3 + 4OHï   Xe + XeO6
4ï + O2 + 2H2O                 (1.10) 

HXeO4
ï + O3 + 4Na+ + 3OHï + (x ï 2)H2O  Na4XeO6ĀxH2O + O2   (1.11) 

Salts of the perxenate anion are typically yellow in color, stable under ambient 

conditions and can be heated to several hundred degrees celcius.[68] A large number of 

stable perxenate salts, including the lithium,[69] cesium,[69,70] barium,[71] lanthanum,[71] and 

americum salts,[72] have been reported. The hydrates, Na4XeO6Ā8H2O,[73,74] 

Na4XeO6Ā6H2O,[75,76] K4XeO6Ā9H2O,[77] K2Na2XeO6Ā8H2O,[78] and K4XeO6Ā2XeO3
[79] have 

been unambigiuously characterized by single-crystal X-ray diffraction. The perxenate 

anion has Oh symmetry with OïXeïO bond angles which vary between 87 and 93º and Xeï

O bond lengths of 1.875 Å.[74] The first solid-state 131Xe NMR study was obtained for 

Na4XeO6ĀxH2O (x = 0, 2). It was shown that upon hydration the XeO6
4ï anion distorts 

significantly from Oh symmetry.[67] Structural studies of perxenate salts by Raman,[80] 

infrared,[80] photoelectron,[81] and Mossbauer spectroscopy[82] have also been reported.  

It was found that some perxenate salts can incorporate two molar equivalents of 

XeO3 into their crystal lattices.[83] The proposed structures consists of perxenate anions 

with two Xe---O bridges to two molecules of XeO3. The salts were sensitive to mechanical 

and thermal shock but could decompose without detonation if heated slowly.[84]  

1.2.4.2 (ɖ2īO2)(XeVIII O3) 

The UV photolysis of XeO4 in noble-gas matrices at low-temperature afforded the 

Xe(VIII) peroxo-species (ɖ2īO2)(XeVIII O3) and XeO3.
[85] The xenon(II) oxide, XeIIO, has 
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been postulated as an intermediate in some oxidation reactions of XeO3.
[70] Although it has 

not been synthesized in macroscopic amounts, it was obtained in an argon matrix by Hg-

arc photolysis of Ar/O3/Xe.[86] UV spectroscopy suggested the ground state of XeO is 

essentially a van der Waals molecule with a bond length considerably longer than that of 

the excited state value. Gas-phase quantum chemical calculations subsequently showed 

XeO to have an unbound 3p ground state.[87,88]  

 

Figure 1.4. Energy minimized structure of (ɖ2īO2)(XeVIII O3), which was formed in Ar and 

Ne matrices at ī263 oC by the photolysis of XeO4; reproduced with permission 

from ref. 85.  

 

1.2.4.3 Xe(II) Oxide Cations 

The first example of an isolated and structurally well-characterized Xe(II) oxide 

fluroide, [FXeOXeF---XeF]+ (eq 1.12), led to the discovery of other xenon oxide cations.[89] 

The [XeOXeOXe]2+ cation was subsequently synthesized as its [mïF(ReO2F3)2]2 salt (eq 

1.13) which provded the first example of a xenon(II) oxide species and a noble-gas 

oxocation, as well as a rare example of a noble-gas dication (Figure 1.5). The 

[XeOXeOXe]2+ cation interacts through fluorine bridges with two symmetry-equivalent 
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[mïF(ReO2F3)2]2 anions. The cation-anion F-bridge interaction was attributed to regions of 

high positive electrostatic potential on the terminal Xe atoms. The F-brdige contact is 

approximately trans to the XeïO bonds and correspond to a highly directional sigma hole 

interaction.[90] The adduct-cation interactions in [CH3CN---XeOXe---NCCH3][AsF6]2 (eq 

1.14) are also attributable to electrostatic ů-hole interactions.[91]  

3XeF2 + [H3O][AsF6]  [Xe3OF3][AsF6] + 3HF       (1.11) 

5XeF2 + 4ReO3F(FH)2  [XeOXeOXe][mïF(ReO2F3)2]2 + 2Xe + O2 + 8HF   (1.12) 

2[FXeOXe---FXeF][AsF6] + 2CH3CN   

                        [CH3CN---XeOXe---NCCH3][AsF6] +  XeF2 + ½O2 + Xe   (1.13) 

 

 

Figure 1.5. The single-crystal X-ray structure of [XeOXeOXe][mïF(ReO2F3)2]2; 

reproduced with permission from ref. 90.  

 



M.Sc. Thesis ï Katherine M. Marczenko; McMaster University ï Chemistry 

12 

 

1.3 Covalent and Noncovalent Interactions 

1.3.1 Novel Xenon Element Bonds 

Although the diversity of xenon-bonded compounds has significantly increased since 

the discovery of noble-gas reactivity, the majority of xenon compounds are still fluorine- 

and oxygen-bonded to xenon. The first XeīN bonded compounds were synthesized by the 

reaction of XeF2 with HN(SO2F)2 to form FXeN(SO2F)2 and Xe[N(SO2F)2]2 (Figure 

1.6).[92,93] The first XeīC bonded compound, [XeC6F5][C6F5BF3], was synthesized by 

fluorine-pentafluorophenyl substitution of XeF2.
[94] Ligand transfer between TMSC6F5 and 

XeF2 afforded Xe(C6F5)2, the first homoleptic XeīC bonded compound,[95] however, a 

XeVIīC bonded compound was not fully structurally characterized in the solid state until 

2014 when Koppe et al. determined the crystal structure of [C6F5XeF2][BF4]2HF (Figure 

1.7).[96] Recently, Goettel and Schrobilgen synthesized [N(CH2CH3)4]3
+[Br3(XeO3)3]

3ï and 

[N(CH3)4]4
+[Br4(XeO3)4]4 (Figure 1.8), the first compounds to contain a XeīBr bond.[97] 

Examples of XeīAu,[98] XeīHg,[99] XeīXe[100] and XeīCl[101,102] bonded compounds are 

also known. Examples of XeīS,[103] XeīH,[103] XeīSi,[104] and XeīU[105] bonded 

compounds were observed in the gas-phase or low-temperature matrices, but not in 

macroscopic amounts. No evidence of a xenon-phosphorus bonded compound has been 

forthcoming.  
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Figure 1.6.   The X-ray crystal structure of FXeN(SO2F2); reproduced with permission 

from ref. 92.  

 

 

 

Figure 1.7.   The X-ray crystal structure of [C6F5XeF2][BF4]2HF; reproduced with 

permission from ref. 96.  
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Figure 1.8.   The X-ray crystal structures of the [Br3(XeO3)3]
3ï

 and [Br4(XeO3)4]
4ï anions 

in [N(CH2CH3)4]3
+[Br3(XeO3)3]

3ï and [N(CH3)4]4
+[Br4(XeO3)4]

4ï; 

reproduced with permission from ref. 101.  

 

1.3.1 Noncovalent Interactions 

The importance of noncovalent bonds is best demonstrated in dynamic biological 

processes. Not only are several types of noncovalent bonds critical to maintaining the three-

dimensional structures of large molecules such as proteins, they also enable large molecules 

to bind specifically, but transiently, to one another.[106] Although the formation of a 

noncovalent bond releases only a small fraction of the energy released when a covalent 

bond is formed, multiple noncovalent bonds often result in highly stable interactions.[106] 

Noncovalent interactions are often classified as electrostatic, p-effects, van der Waals 

forces, or hydrophobic effects.[107ï109]  

An example of a noncovalent electrostatic interaction is a ñů-hole bondò, which is 

synonomous with ñhalogen bondingò. The pioneering work on ů-hole bonding interactions 

was reported by Guthrie[110] and continued many years later by Hassel,[111] who won the 
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1969 Nobel Prize in Chemistry for his discovery that halogens can act as electrophilic 

electron acceptors.[112] Present-day encounters with the concept of ů-hole bonding 

interactions range from crystal engineering and supramolecular chemistry,[113ï117] to 

polymer science,[118] liquid crystals,[119,120] and conductive materials,[121,122] with 

groundwork applications in medicinal chemistry[114ï117] and biological systems.[123ï125]  

The term ñů-hole bondingò is used to describe non-covalent, essentially electrostatic, 

interactions involving an electropositive atom, X, and an electron donor species, D. In a 

general definition,[108] the Lewis base (neutral or anionic) donates electron density to the 

Lewis acidic acceptor, which is covalently attached to atom Y. Hydrogen, pnictogen, 

chalcogen and halogen bonding are all types of ů-hole bonding interactions that are 

classified by the group of the element participating in bonding (with the exception of the 

group 1 element, hydrogen). In the case of hydrogen bonding, a hydrogen atom acts as the 

electron acceptor and forms a non-covalent interaction by accepting electron density from 

an electron rich site.[109]  

Electron density is transferred from the covalent RīX bond resulting in interpenetration 

of the van der Waals volumes.[126,127] The X---D bonding interaction is rather strong and 

directional, occurring approximately trans to the polar-covalent RīX bond at an 

electropositive location on X termed the ñů-holeò, with an approximately linear trans-RīX-

--D angle.[128]  

Most examples of chalcogen bonds are noncovalent chalcogen-chalcogen interactions 

where the donor is also a chalcogen atom, similar to a halogen-halogen interaction.[129] 

Some have suggested the importance of such chalcogen-chalcogen interactions in protein 
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folding.[130ï132] Pnicogen-pnicogen interactions have bond strengths that are comparable to 

those of hydrogen bonding interactions and are important interactions in self-assembly 

processes in the field of supramolecular chemistry.[133]  

Most noble-gas species exhibit so-called ñhypervalentò bonding (bonding involving a 

main-group element with more than eight valence electrons).[134] Recent examples of a 

group 18 element, namely xenon, which engages in ů-hole bonding interactions have been 

published.[98,99,135,136] 

1.4 Purpose and Scope of the Present Work 

The overall goal of this research is to extend and deepen our knowledge of the 

fundamental chemistry of the noble-gas elements and high-oxidation-state compounds, 

namely Xe(VI). This includes extending the limits of our synthetic and characterization 

techniques to isolate extremely sensitive and unstable compounds. More specifically, a 

major focus of this research is to extend the chemistry of xenon trioxide (XeO3) through 

exploration of its coordination chemistry using a variety of ligands and to structurally 

characterize the products.  

The initial goal of this research was to explore the donor-acceptor properties of XeO3. 

The strong oxidant properties of xenon fluorides, oxide fluorides, and oxides renders the 

syntheses of isolable organo-xenon compounds challenging. Examination of the Lewis acid 

strength of XeO3 towards a variety of weak, strong, hard and/or soft organic Lewis bases 

led to the first examples of oxygen-base adducts of XeO3, as well as the first examples of 

a complex between a noble-gas compound and a crown ether or other polydentate ligand. 

The Lewis acidity of XeO3 towards soft sulfur and phosphorus donors was also examined 
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and the products of these reactions were determined. The chemistry of XeO3 with inorganic 

compounds was expanded through the syntheses and structural characterizations of several 

polyatomic anionïXeO3 complexes, which also provide insights into the possible 

incorporation of xenon oxides into minerals. 

The small number of compounds which contain XeO3 has prevented a fuller 

understanding of Xe---L (L = N, O , F) interactions in the solid state. Computational studies 

and modelling of XeO3 and its adducts using gas-phase structure optimizations, empirical 

and Wiberg bond valences, Wiberg bond indices, NPA charges, and Hirshfeld surface 

analyses have assisted with the characterization of secondary bonding (ů-hole) interactions 

in adducts with XeO3, which may be extended to other XeO3 adducts and xenon compounds 

in general. 

Cumulatively, these research goals contribute to our understanding of secondary 

bonding interactions in Xe(VI) compounds. More specifically, this research demonstrates 

the importance of secondary bonding interactions and packing motifs for the kinetic 

stabilization of the extremely shock sensitive solid, XeO3, in the solid state. The 

stabilization of XeO3 in its adducts enables its safe handling and provides potential 

applications for clean oxidizers in organic transformations, such as epoxidations.  
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2.  

 Experimental 

2.1 Standard Techniques 

 Dry Box and Vacuum Line Techniques 

The compounds prepared and used in this work were extremely moisture- and 

temperature-sensitive. Volatile compounds were handled under rigorously anhydrous 

conditions on glass and metal vacuum line systems. Non-volatile materials were handled 

in an inert atmosphere (N2 gas) dry box (Vacuum Atmospheres Model DLX, oxygen and 

moisture (<0.1 ppm) equipped with a glass cyrowell for low temperature work. Low 

temperature preparative work inside the drybox was accomplished using a metal Dewar 

filled with 4.5 mm copper-plated spheres (air rifle BBs) that were previously cooled in ca. 

ï140 oC in the glass cyrowell of the dry box. 

Preparative work involving volatile corrosive fluorides that attack glass, e.g., HF, 

was carried out on metal vacuum lines constructed primarily from 316 stainless steel and 

nickel fitted with 316 stainless steel valves (Autoclave Engineers, Inc., Figure 2.1). 

Pressures were measured at ambient temperatures using MKS Model PDR-5B pressure 

transducers having wetted surfaces constructed of Inconel. The pressure transducer 

possessed a range of 0ï1150 Torr, which was accurate to ±0.5 Torr. 

Preparative work involving volatile materials that do not attack glass was carried 

out on Pyrex glass vacuum lines equipped with grease-free 6mm J. Young glass stopcocks  

   CHAPTER 2 
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outfitted with PTFE barrels (Figure 2.2). Pressures inside the glass manifold were 

monitored using a mercury manometer.  

Vacuum on the glass vacuum lines (ca. 10ï3ï10ï4 torr) was accomplished using 

Edwards two-stage internal vane E2M8 direct-drive vacuum pumps. Vacuum was 

maintained on the metal line using two E2M8 vacuum pumps. The first vacuum pump 

provided the high vacuum (ca. 10ï4 torr) source for the manifold and was fitted with a glass 

liquid nitrogen trap. The second, a roughing pump, was used for the removal of volatile 

fluoride and oxide fluoride compounds. The rough pump drew reactive, volatile fluorine 

compounds through a fluoride/fluorine trap consisting of a stainless steel tube (ca. 60 cm, 

15 cm dia.) packed with soda lime absorbent (Fisher Scientific, 4ï8 mesh), followed by a 

glass liquid nitrogen trap to remove CO2 and water formed by the reaction of fluoride 

materials with soda lime, and other volatile materials that were unreactive towards soda 

lime.  

 Preparative Apparatus and Sample Vessels 

All synthetic work was carried out in reactors constructed from lengths of ¼ïin o.d. 

FEP tubing which were heat sealed at one end and heat-flared (45o SAE) at the other. The 

tubing was connected to Kel-F valves, encased in aluminum housings, using brass flare 

fittings. All vessels were connected to vacuum lines using ¼ïin. stainless steel Swagelok 

Ultratorr unions. Before use, reaction vessels were rigorously dried by pumping for ca. 12 

h under dynamic vacuum on a glass manifold, followed by passivation with ca. 1000 Torr 

of F2 for ca. 12 h on the metal vacuum line. Once passivated, vessels were evacuated under 

dynamic vacuum to remove all volatile impurities and back-filled with dry N2 (ca. 1000 
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Torr) prior to use. Similarly, connections made to a metal vacuum line were dried under 

dynamic vacuum and passivated with F2 gas overnight. Connections made to a glass 

vacuum line were dried under dynamic vacuum overnight. All connections to vacuum lines 

were made using thick-walled ¼ïin. FEP tubing in conjunction with either a ¼ïin. PTFE 

Swagelok connector outfitted with PTFE compression fittings (front and back ferrels) or a 

¼ïin. stainless steel Swagelok Ultra-Torr connectors outfitted with stainless steel 

compression fittings and Viton rubber O-rings.  

2.2 Preparation and Purification of Starting Materials 

 Sources and Purification of Gases; N2, Ar, F2, and Xe 

Technical grade nitrogen gas (Praxair, 9.998%), high purity argon gas (VitalAire), 

also employed for the back pressuring of reaction vessels, technical grade fluorine gas (Air 

Products) and ultra-high purity Xe (Air Products, 99.995%) were used without further 

purification. House nitrogen boil-off was used for the low temperature Raman spectroscopy 

device and low temperature crystal-mounting apparatus. The nitrogen boil-off for the low 

temperature crystal-mounting apparatus passed through a column consisting of Drierite® 

followed by 4 Å molecular sieves.  

 Purification of Solvents; Anhydrous HF, SO2ClF, CH3CN, and Acetone 

HF. Anhydrous hydrogen fluoride, HF (Harshaw Chemical Co.), was purified by addition 

of ca. 5 atm of fluorine gas to a commercial HF sample contained in a nickel can 

approximately one month prior to use, converting residual water to HF and O2 gas. The HF 

was then distilled into a Kel-F storage vessel equipped with a Kel-F valve for storage at 

room temperature. Transfer of HF was accomplished by vacuum distillation from the Kel-
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F storage container through connections constructed from FEP on a metal vacuum line 

(Figure 2.3).  

SO2ClF. Sulfuryl chloride fluoride (Allied Chemical Co., Baker and Adams Division, 

>90%, ca. 100 g crude material) was purified by fractional distillation through two FEP U-

tube traps cooled to ï78 oC and ï90 oC respectively, effectively removing the impurity 

SO2F2. The remaining SO2ClF was then condensed into an FEP U-tube containing ca. 80 g 

of SbF5 at ï78 oC and slowly warmed up to room temperature with vigorous mixing to 

remove the impurity SO2. The purified SO2ClF was condensed into an FEP U-tube 

containing KF and cooled to ï78 oC. Again, the mixture was slowly warmed to room-

temperature with vigorous mixing and allowed to stand for ca. 2 h at room temperature to 

remove any residue HF. The sample was again cooled to ï78 oC ad condensed into a 1.25ï

in. FEP reaction vessel containing XeF2 (1.7 g) for 24 h to ensure all impurities with 

reducing properties were removed. Finally, the liquid was distilled by dynamic pumping at 

ï78 oC into a Pyrex glass vessel, outfitted with a 6-mm J. Young all glass stopcock, over a 

bed of KF for storage at room-temperature. Transfers were performed using a glass vacuum 

line by vacuum distillation of SO2ClF through a sub-manifold comprised of a Y-shaped 

glass connection to the reaction vessel (Figure 2.4).  
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Figure 2.3. Hydrogen fluoride distillation apparatus. (A) Kel-F storage vessel 

containing HF. (B) FEP reaction vessel fitted with a Kel-F valve.  

(C) Kel-F valve connected to vacuum manifold. (D) Kel-F Y-connection 

with ¼-in. PTFE Swagelok unions. Reproduced with permission from ref. 

1. 
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Figure 2.4. Apparatus used for the vacuum transfer of SO2ClF solvent. (A) 250-mL 

glass vessel equipped with a grease-free 6-mm J. Young PTFE/glass 

stopcock outfitted with PTFE barrel. (B) Bed of dry, powdered KF. (C) 

Glass Y-connector. (D) 6-mm J. Young PTFE/glass valve. (E) FEP reaction 

vessel fitted with a Kel-F valve. (F) Stainless steel Swagelok Ultratorr 

Union. Reproduced with permission from ref. 1. 
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Figure 2.5.  Apparatus used for the vacuum transfer of CH3CN solvent. (A) 200-mL 

glass vessel equipped with a grease-free 6-mm J. Young PTFE/glass 

stopcock outfitted with PTFE barrel. (B) CH3CN. (C) Glass Y-connector. 

(D) 6-mm J. Young PTFE/glass valve. (E) FEP reaction vessel fitted with a 

Kel-F valve. (F) Stainless steel Swagelok Ultratorr Union. Reproduced with 

permission from ref. 1. 
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CH3CN. Acetonitrile (Caledon, HPLC Grade) was purified according to the literature 

method[2] and was stored over molecular sieves in a glass vessel outfitted with a grease-

free 6-mm J. Young glass/PTFE stopcock. Acetonitrile was transferred under vacuum using 

a glass vacuum line and a glass Y-piece into a smaller glass dispensing vessel outfitted with 

a grease-free 6-mm J. Young glass/PTFE stopcock. For individual reaction vessels, 

acetonitrile was then dispensed under vacuum using a glass vacuum line and a glass Y-

piece. (Figure 2.5).   

Acetone. Acetone was purified by double vacuum distillation onto MgSO4 at 0 oC and was 

thoroughly degassed using a freeze-pump-thaw sequence.  Purified acetone was stored over 

MgSO4 in a glass vessel outfitted with a grease-free 6-mm J. Young glass/PTFE stopcock. 

Acetone was transferred under vacuum using a glass vacuum line and a glass Y-piece.  

 Preparation and Purification of XeF2, XeF4 and XeF6 

Xenon difluoride[3] and XeF4
[4] were prepared according to the literature methods 

and stored in a Kel-F tube inside a dry box until needed. Xenon hexafluoride was prepared 

by the reaction of Xe and F2 similar to the method described by Malm and Chernick.[5] 

Small amounts of XeF4 impurity, identified by two weak bands at 502 and 543 cmī1 in the 

Raman spectrum, did not interfere with the chemistry described herein. 

 Synthesis of XeO3 

Method 1. In a typical preparation, XeF6 (1ï2 g) was transferred under static vacuum into 

a ½-in. o.d. FEP U-tube fitted with Swagelok Stainless steel valves. Using a flow of dry 

nitrogen gas, XeF6 vapor was swept into a 100 mL FEP bottle containing water (ca. 20 mL) 

while stirring with a Teflon coated stir-bar (Figure 2.6). The resulting solutions of XeO3 
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and dilute HF(aq) (XeO3Ā6HF) were transferred to trays constructed from FEP using pipettes 

drawn from FEP. Solid XeO3 was obtained by allowing evaporation of the solvent in the 

fume hood. Solid XeO3 can only be reliably obtained if the relative humidity is below 30% 

at 20 °C. Concentrations of XeO3 were determined by mass measurements.  

Method 2. In a typical reaction, XeF6 (28.0 mg, 0.115 mmol) was transferred under static 

vacuum at ī196 °C into a 1/4 ïin. FEP reactor. Freon-114 (ca. 0.5 ml) was vacuum distilled 

onto XeF6 at ī196 °C; the reactor was warmed to room temperature, whereupon XeF6 

dissolved to form a bright yellow solution. Acetonitrile (ca. 0.5 mL) was vacuum distilled 

into and frozen in the top portion of the reaction vessel at ī196 °C. The reactor was allowed 

to warm to ī40 ÁC and the contents were carefully mixed by allowing the XeF6 to diffuse into 

the upper CH3CN layer. Three equivalents of H2O (6.22 mg, 0.345 mmol) were added to the 

reaction vessel at 0 °C by use of a microsyringe. The reaction mixture was slowly warmed to 

20 °C and thoroughly mixed. A fine white powder (O3Xe(NCCH3)2) was obtained upon 

removal of volatiles under dynamic vacuum at ī40 to ī30 ÁC. Acetonitrile (ca. 0.5 mL) was 

vacuum distilled into the top portion of the reactor at ī78 ÁC (Caution! To avoid detonation, 

never rapidly cool the reactor significantly below ī78 ÁC). The reactor was warmed to ī40 ÁC 

whereupon the solid dissolved to form a clear, colorless solution.  
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Figure 2.6. Apparatus for the synthesis of aqueous XeO3 solutions. An FEP trap 

containing XeF6 and a Teflon capped FEP bottle containing water and a 

Teflon coated stir bar. Reproduced with permission from ref. 21.  
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 Preparation of HF-Free XeO3 under Atmospheric Conditions 

An aqueous solution of XeO3 was synthesized by hydrolysis of XeF6 as previously 

described.[6] An aliquot (ca. 10 mg, 0.056 mmol XeO3) of the resulting aqueous solution, 

XeO3Ā6HF, was transferred into a 3 × 3 cm FEP (hexafluoropropylene, tetrafluoroethylene 

copolymer) fluoroplastic tray by use of a pipette fabricated from FEP tubing. Water and 

HF were removed from XeO3 by evaporation overnight in a fume hood to give solid XeO3. 

The sample was transferred to a plastic (HDPE) desiccator and dried over 4 Å molecular 

sieves for 2ī3 h to ensure that all surface water had been removed from XeO3(s). 

2.3 Raman Spectroscopy 

All Raman spectra were recorded on a Bruker RFS 100 Fourier transform Raman 

spectrometer employing a quartz beam splitter and a liquid-nitrogen cooled Ge diode 

detector. The 1064-nm line of a Nd-YAG laser was used for excitation with a laser spot of 

<0.1 mm at the sample and configured such that only the 180o-backscattered radiation was 

detected. The scanner velocity was 5kHz and the wavelength range was 5894 to 10394 cmï

1 relative to the laser line at 9394 cmï1, resulting in a spectral range of 3501 to ï999 cmï1. 

Fourier transformations were processed using a Blackman Harris 4-tem apodization and a 

zero-filling factor of 2. Typical acquisitions used 1.0 cmï1 resolution, 100ï500 mW power, 

and involved 512 scans for strongly scattering sample and 1024 ï 2048 scans for weakly 

scattering samples. Low temperature spectra were acquired using a Bruke I0121 low 

temperature accessory which provided a temperature of ï78 oC for samples containing 

XeO3 and a temperature range of ï150 to ï160 oC for all other samples, with an estimated 

error of ±1 oC.  
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2.4 Quantum-Chemical Calculations 

All calculations were performed using Gaussian 09[7] software packages. Geometries 

were fully optimized using density functional theory methods and the Def2-TZVP and/or 

Def2-TZVPD basis sets. Basis sets were obtained online from the EMSL Basis Set 

Exchange (https://bse.pnl.gov/bse/portal).[8] Fundamental vibrational frequencies were 

calculated along with Raman intensities, and Natural Bond Orbital (NBO) analyses were 

obtained for the optimized local minima. The program GaussView[9] was used to visualize 

the vibrational displacements that form the basis of the vibrational mode descriptions 

presented. Natural bond orbital analyses were carried out by use of the NBO program 

(version 6.0)[10] implemented in Gaussian 09. The MEPs diagrams were drawn with 

Jmol.[11] The CrystalExplorer 3.1[12] program was used for Hirshfeld surface analyses and 

the computational program Tonto,[13] as implemented in CrystalExplorer, was used for 

wavefunction calculations and for mapping of the electrostatic potential surface 

(B88LYP/321-G) onto the Hirshfeld surface. 

2.5 X-ray Crystallography 

 Crystal Growth  

Crystallization of samples at room-temperature was accomplished by slow 

evaporation of the solvent in a fume-hood. For all samples that were grown at low 

temperatures, slow-cooling of acetone bathes was accomplished by addition of either dry-

ice or liquid nitrogen in small quantities.  
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 Low-temperature Crystal Mounting  

Samples which were thermally unstable and/or moisture sensitive were mounted at 

low temperatures using the apparatus depicted in Figure 2.9 and 2.10. The reaction vessels 

containing the samples were first cut open below the Kel-F valve under the flow of cold 

nitrogen gas of the trough, which maintaining the sample at ï78 C. The sample was then 

rapidly dumped into the aluminum trough, precooled (ï100 ±5 oC) by the flow of dry 

nitrogen gas through a 5-L dewar filled with liquid N2 (Figure 2.7).  

A trough constructed of ¾-in. FEP tubing was utilized for samples which contained 

solvent or were prone to detonation. Reaction vessels containing the samples were placed 

in the trough and cut open below the Kel-F valve under the flow of cold nitrogen. The 

temperature inside the trough was measured using a copper-constantan thermocouple 

positioned in the sample region of the trough. Crystals were then selected using a stereo-

zoom microscope and mounted on glass fibers (0.05 to 0.1mm o.d.), nylon loops, or dual-

thickness polymer loops (MicroMount;TM MiTeGen, 200ï500 ɛm) using perfluorinated 

polyether oil (Ausimont Inc., Fombblin Z15 or Z25) which served as an adhesive upon 

freezing at low temperature. The glass fibres were previously mounted with epoxy cement 

to a copper pin fitted to a magnetic base and affixed to the end of a magnetic wand 

(Hampton Research). The magnetic wand could be fastened to an adjustable support stage 

such that samples could be inspected under the stereo-zoom microscope once affixed to the 

glass fibre. The mounted crystal and magnetic pin were quickly (ca. 5 s) transferred from 

the crystal mounting apparatus to the magnetic mount of the goniometer by means of 

cryotongs (Hampton Research) which were precooled in liquid N2 prior to use. The crystals  
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Figure 2.7.  Low-temperature crystal mounting apparatus. (A) Nitrogen inlet. (B) Glass 

sleeve for ambient nitrogen flow. (C) Liquid N2 dewar. (D) Adjustable 

support stage. (E) Silvered dewar (glass). (F) Aluminum trough. (G) Stereo-

zoom microscope. Reproduced with permission from ref. 1. 
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were maintained at low temperature on the goniometer head by a cold N2 gas flow provided 

by a Oxford Cryosystems low temperature cryostream accessory.  

 Data Collections 

The crystallographic data acquired during the course of this Thesis were collected 

on a Bruker SMART APEX II diffractometer equipped with an APEX II 4K CCD (charge-

coupled device) area detector and a triple-axis gonoiometer controlled by the APEX II 

Graphical User Interface (GUI) software.[14] A Bruker Triumph curve crystal 

monochromator was used with a Mo KŬ (ɚ = 0.71073 A) X-ray source. The crystal-to-

detector distance was 4.954 cm. Data collections were carried out in 512 x 512 pixel mode 

using 2 x 2 pixel binning. Diffraction data collection was typically done at ï173 oC and 

consisted of ű- and ɤ- scans at a fixed ɢ = 54.74o with 0.5o frames. Processing of the raw 

data was done by use of the APEX III GUI software which applied Lorentz and polarization 

corrections to three-dimensionally integrated diffraction spots.[15]  

 Solution and Refinement of Structures 

The program SADABS[16] was used for the scaling of diffraction data, the 

application of a decay correction, and an empirical absorption correction based on the 

intensity ratios of redundant reflections. The XPREP[17] program was used to confirm the 

unit cell dimensions and the crystal lattices. Cell Now[18] was used periodically to find unit 

cells for non-merohedrally twinned or multiple crystals. In these cases, the program 

TWINABS[19] was used to scale and process the reflection data. The final refinements were 

obtained by introducing anisotropic parameters for all the atoms except hydrogen, an 

extinction parameter, and the recommended weight factor. The maximum electron densities 
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in the final difference Fourier maps were located around the heavy atoms. All calculations 

were performed using the SHELXTL[20] package and/or Olex2[21] software for the structure 

determination, refinement, and molecular graphics. Structure solutions were obtained by 

intrinsic phasing and direct methods. The PLATON[19] program could not suggest 

additional or alternative symmetries.  
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3.  

Xenon Trioxide Adducts of O-Donor Ligands; [(CH3)2CO]3XeO3, 

[(CH3)2SO]3(XeO3)2, (C5H5NO)3(XeO3)2, and [(C6H5)3PO]2XeO3 

 

K. M. Marczenko,[a] J. T. Goettel,[a] G. J. Schrobilgen, Chem. Eur. J. Submitted Sept. 2018.  

[a] Both authors contributed equally to the work.  

 

Abstract:  Oxygen coordination to the Xe(VI) atom of XeO3 was observed in its adducts 

with triphenylphosphine oxide, [(C6H5)3PO]2XeO3, dimethylsulfoxide, 

[(CH3)2SO]3(XeO3)2, pyridine-N-oxide, (C5H5NO)3(XeO3)2, and acetone, 

[(CH3)2CO]3XeO3. The crystalline adducts were characterized by low-temperature single-

crystal X-ray diffraction and Raman spectroscopy. Unlike solid XeO3, which detonates 

when mechanically or thermally shocked, the solid [(C6H5)3PO]2XeO3, 

[(CH3)2SO]3(XeO3)2, and (C5H5NO)3(XeO3)2 adducts are insensitive to mechanical shock, 

but undergo deflagration when exposed to a flame. Both [(C6H5)3PO]2XeO3 and 

(C5H5NO)3(XeO3)2 are air-stable at room temperature. The xenon coordination sphere in 

[(C6H5)3PO]2XeO3 is a distorted square pyramid and provides the first example of a five-

coordinate Xe center in a XeO3 adduct. The xenon coordination sphere of the remaining 

adducts are distorted octahedral comprised of three equivalent Xe---O secondary contacts 

that are approximately trans to the primary XeïO bonds of XeO3. Hirshfeld surfaces of 

XeO3 and (C6H5)3PO in [(C6H5)3PO]2XeO3 show the adduct is well-isolated in its crystal 

structure and provide a visual representation of the secondary Xe---O bonding in this 

adduct.  

 CHAPTER 3 
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3.1 Introduction  

Xenon trioxide is a strong oxidant that rapidly oxidizes primary and secondary 

alcohols to CO2 and H2O.[1,2,3] The solid readily detonates when subjected to mild 

mechanical or thermal shock, decomposing to Xe and O2 gases with the liberation of 402 

±8 kJ molï1 of energy.[4] In the solid state, XeO3 molecules have three short Xe---O contacts 

between the Lewis basic oxygen atoms of neighboring XeO3 molecules and the Lewis 

acidic XeVI atom.[5] 

The xenonïligand bonds in XeO3 adducts are best described as predominantly 

electrostatic, (weakly covalent) interactions between the highly electrophilic regions of the 

Xe atom, a ů-hole, and the nucleophilic region of the electronegative ligand atom.[6] The 

electrostatic potential of the xenon atom at and in the vicinity of the C3v-axis is positive and 

only slightly lower in energy than the three ů-holes that occur opposite to the polar-covalent 

XeïO double bonds.[6,7] Secondary bonding interactions occur approximately trans to the 

three primary XeïO bonds, as observed for the N-coordinated pyridine and pyridinium salt 

adducts[8] and nitrile adducts[9] of XeO3. The ů-bonding interactions between the 

electrophilic xenon atom and the five nucleophilic oxygen atoms of the crown ether ligand 

of (CH2CH2O)5XeO3 result in a xenon coordination number of 8, the highest coordination 

number thus far observed for XeVI in XeO3.
[6] Prior to this study, there were no examples 

in which the number of secondary bonds with the xenon atom of XeO3 was less than three.  

The 15-crown-5 adduct of XeO3, (CH2CH2O)5XeO3,
[6] is thus far the only structurally 

documented example of XeO3 coordinated to an oxygen base. Early studies involving the 

interaction of XeO3 with t-butyl alcohol suggested the formation of a solvate and the 
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reaction of XeO3 with t-butoxide gave a shock-insensitive precipitate.[1] It was speculated 

that the product is an ester-like XeO3-alcohol intermediate with Xe---O bonding 

interactions, however no spectroscopic or structural characterizations of these compounds 

have been forthcoming. 

The choices of compatible oxygen-base ligands and solvents for adduct formation 

with XeO3 are limited by the strong oxidant properties of XeO3. Although 

tertiaryarylphosphines, such as triphenylphosphine (P(C6H5)3), are air- and moisture 

insensitive ligands which coordinate to metal ions and Lewis acids,[10] they readily undergo 

oxidation to their phosphine oxides. Adducts between P(C6H5)3 and relatively strong 

oxidizers such as SO3 have been reported.[11] Similarly, dimethylsulfoxide (DMSO)[12] and 

acetone[13] are oxidatively resistant solvents that coordinate to transition metal ions and 

other Lewis acids. 

The present study provides further insights into the Lewis acid behavior of XeO3 

through the synthesis and structural characterization of XeO3 coordination complexes with 

several EïO bonded ligands (E = C, S, N, P). The complexes have been characterized in 

the solid-state by low-temperature, single-crystal X-ray diffraction, Raman spectroscopy, 

and quantum-chemical calculations which were used to aid in the assignment of vibrational 

frequencies and assess the relative strengths of the Xe---O adduct bonds.   

3.2       Results and Discussion 

 Syntheses 

Solid XeO3 detonates on contact with liquid DMSO and acetylacetone (acac) but 

readily dissolves in acetone without detonation. Xenon trioxide is very soluble and stable 
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in acetone for several months at room temperature and has proven to be a useful solvent for 

XeO3.
[6] When acetone solutions of XeO3 wre allowed to evaporate at room temperature, 

solid, unsolvated XeO3 was obtained. Slow cooling of these solutions from 20 to ī78 ÁC 

resulted in the formation of clear, colorless, block-shaped crystals of [(CH3)2CO]3XeO3 (1) 

(eq 1), which were stored at ī78 ÁC to prevent loss of acetone due to adduct dissociation. 

3(CH3)2CO + XeO3     [(CH3)2CO]3XeO3            (1) 

An aqueous solution containing a 1:6 molar ratio of XeO3:HF was mixed with 

DMSO at room temperature. Slow evaporation of the mixture yielded large, plate-shaped 

crystals of [(CH3)2SO]3(XeO3)2 (2) (eq 2). The crystalline product was significantly less 

shock-sensitive than solid XeO3, but slowly decomposed to (CH3)2SO2, Xe, and O2 at room 

temperature (eq 3) over a period of several days.  

3(CH3)2SO + 2XeO3    [(CH3)2SO]3(XeO3)2           (2) 

[(CH3)2SO]3(XeO3)2    3(CH3)2SO2  +  2Xe  +  σςO2         (3) 

Slow addition of an acetone solution of C5H5NO to solid XeO3 resulted in 

detonation. Stable solutions of C5H5NO and XeO3 in a 3:2 molar ratio were obtained by 

dissolution of the ligand in an aqueous solution of XeO3 (vide supra). Evaporation of the 

solution yielded a large, rod-shaped crystal of (C5H5NO)3(XeO3)2 (3) (eq 3). The crystal 

was insensitive to mechanical shock and was cut into smaller fragments without incident 

for an X-ray crystal structure determination. The adduct underwent rapid deflagration when 

brought into contact with a flame. 

3(C5H5)NO + 2XeO3     (C5H5NO)3(XeO3)2               (4) 

RT 

RT 

RT 

ī78 °C 
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The reaction between XeO3 and (C6H5)3P in CH3CN afforded a fine precipitate of 

[(C6H5)3PO]nXeO3Ā(CH3CN)x. Attempts to grow crystals of the solvate suitable for an X-

ray structure determination were unsuccessful, however layering of a CH3CN solution of 

P(C6H5)3 onto an aqueous solution of XeO3 at room temperature resulted in the formation 

of clear, colorless, block-shaped crystals of [(C6H5)3PO]2XeO3 (4) that were stable at room 

temperature (eq 5). The reaction between XeO3 and P(C6H5)3 in acetone at ï78 oC also 

yielded (4) as large block-shaped crystals. 

2(C6H5)3P + 2XeO3     [(C6H5)3PO]2XeO3 + Xeŷ + ½ O2ŷ         (5) 

Reaction mixtures containing 1,2-bis(diphenylphosphino)ethane and XeO3 in 

CH3CN or acetone resulted in decomposition products which did not contain XeO3. In 

contrast, when the reaction was carried out at 0 °C by layering a CH3CN solution of 1,2-

bis(diphenylphosphino)ethane onto an aqueous solution of XeO3, a crystalline precipitate 

formed (eq 6) which was stable at room temperature and consisted of small, block-shaped 

crystals of [(C6H5)2POCH2]2XeO3ĀCH3CN (Figure S1).  

2[(C6H5)2PCH2]2 + 2XeO3 + CH3CN     [(C6H5)2POCH2]2XeO3ĀCH3CN   

 + Xeŷ + ½ O2ŷ         (6) 

The extreme shock sensitivity of solid XeO3 is largely attributable to the extended 

---O3Xe---O(XeO3) networks that occur in all three solid phases of XeO3
[5] and provide a 

means to efficiently propagate the detonation shock wave throughout the crystal lattice. 

Although the shock-sensitivity of (1) could not be explicitly tested due to adduct 

dissociation and loss of acetone upon warming to room temperature, at no point during the 

synthesis, Raman spectral acquisition, crystal isolation, and X-ray structure determination 

0 oC 
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did the crystalline adduct detonate. Crystalline samples of (2), (3), and (4) were shock-

insensitive but underwent rapid deflagration when exposed to a flame. As in the cases of 

the stable XeO3 N-base adducts, (C6H5N)3XeO3,
[8] [C5H5NH]4[HF2]2[F]2(XeO3)2,

[8] and O-

base adduct, (CH2CH2O)5XeO3,
[6] the crystal structures of (1), (2), (3), and (4) lack 

extended ---O3Xe---O(XeO3) networks (vide infra). The structural units of these adducts are 

well isolated which diminishes their shock sensitivities. Rapid oxidation of ñsoftò Lewis 

acids is observed when the Lewis acid center is phosphorus at room temperature, whereas 

slower oxidation occurs (ca. 12 h) at  low temperatures (ï78 oC) or when the Lewis acid 

center is sulfur (over several days at room temperature). 

 X-ray Crystallography 

A summary of crystal data and refinement results is provided in Table 3.1. The single-

crystal X-ray structures of [(CH3)2CO]3XeO3 (1), [(CH3)2SO]3(XeO3)2 (2), 

(C5H5NO)2(XeO3)2 (3) and [(C6H5)3PO]2XeO3 (4) are shown in Figures 3.1ï3.4, 

respectively. The preliminary crystal structure of [(C6H5)2POCH2]2XeO3ĀCH3CN is 

provided in Figure 3.16. Important bond lengths and angles are provided in Table 3.2, and 

more extensive lists of geometric parameters are given in Tables 3.5ï3.8. 

 The primary XeïO bond lengths (1.762(1)ï1.779(1) Å) and OïXeïO bond angles 

(100.20(5)ï103.2(2)°) lie within the bond length and bond angle ranges of the three solid 

phases of XeO3 (1.7558(11)ï1.7801(11) ¡ and 100.51(5)ī105.09(6)Á).[5] The transïOīXe-

--O contact angles of the adducts described in this study lie within the range 

152.46(5)ī172.80(4)Á and are comparable to those of ů-hole bonded group 14ï17 adducts 

(155ī180Á).[7] The empirical bond valence method of I. D. Brown[14] was used to determine 
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the contributions of individual Xe---O contacts to the total bond valence of xenon in 

compounds (1), (2), (3), and (4) (Table 3.10). Inclusion of all Xe---O contacts provides 

bond valence values that are very close to the ideal value of 6 for XeVI. The Xe---O bond 

valences, which span 0.089ï0.205 v. u., are consistent with very weak covalent bonding 

between O and Xe, in accordance with their experimental bond lengths (Table 3.2).
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Table 3.2.  Selected Bond Lengths (Å) and Bond Angles (deg) for [(CH3)2CO]3XeO3 (1), 
[(CH3)2SO]3(XeO3)2 (2), (C5H5NO)3(XeO3)2 (3), and [(C6H5)3PO]2XeO3 (4). 

 

 
 

(1) 
 

(2) 
 

(3) 
 

(4) 

XeīO  1.764(1) 

1.768(1) 

1.768(1) 

1.762(1) 

1.765(1) 

1.767(1) 

 1.763(1) 

1.767(1) 

1.771(1) 

1.765(1) 

1.771(1) 

1.772(1) 

 1.768(1) 

1.773(1) 

1.779(1) 

 1.763(4) 

1.770(4) 

1.774(4) 

Xe---O  2.738(2) 

2.745(2) 

2.768(2)  

2.740(2) 

2.777(2) 

2.778(2) 

 2.693(1) 

2.726(1) 

2.871(1) 

2.683(1) 

2.703(1) 

2.770(1) 

 2.586(2) 

2.604(1) 

2.896(1) 

 2.591(4)  

2.605(3) 

OïXeïO  101.70(9) 

101.80(9) 

102.37(9) 

101.49(9) 

101.86(9) 

102.11(9) 

 101.96(7) 

102.31(7) 

102.29(7) 

101.27(7) 

101.92(7) 

102.25(6) 

 100.20(5) 

100.65(5) 

102.26(5) 

 100.8(2) 

102.2(2) 

103.2(2) 

O---Xe---O  76.49(6) 

76.58(6) 

85.23(6) 

79.90(6) 

81.03(6) 

83.66(6) 

 75.92(4) 

67.65(4) 

71.71(4) 

74.55(4) 

69.43(4) 

75.35(4) 

 69.01(3) 
87.04(3) 

87.32(3) 

 81.21(9) 

Xe---O---Xe     91.58(4)    

96.08(4) 

93.34(4)  110.99(4) 

132.84(4) 

  

trans-O---XeīO  161.16(8) 

163.94(8) 

164.84(8) 

161.47(8) 

166.72(8) 

166.89(8) 

 152.46(5) 

161.32(5) 

161.80(5) 

157.08(5) 

159.63(5) 

161.77(5) 

 153.49(4) 

167.96(4) 

172.80(4) 

 159.6(1) 

162.2(1) 

cis-O---XeīO  83.31(7) 

89.48(7) 

92.70(7) 

83.49(8) 

87.98(8) 

88.69(8) 

 87.96(5) 

96.31(5) 

88.97(5) 

92.59(5) 

87.18(5) 

92.96(5) 

 82.71(4) 

86.56(4) 

101.16(4) 

 84.0(1) 

89.8(1) 

 

3.2.2.1 [(CH3)2CO]3XeO3 (1).  

The structural unit of (1) consists of two crystallographically unique 

[(CH3)2CO]3XeO3 units (Figure 3.1) in which the XeO3 molecules are each coordinated to 

three acetone molecules through Xe---O bonds (2.738(2)ï2.778(2) Å). The CïO bond 

lengths (1.210(3)ï1.223(4) Å) show little variation and are slightly elongated with respect 

to those of solid acetone (1.208(3), 1.209(3) Å).[15] The ability of acetone to form a 3:1 

adduct contrasts with RCN (R = CH3, CH2CH3) which forms RCNXeO3 and (RCN)2XeO3 

but not (RCN)3XeO3.
[9] These observations are in accordance with the higher Lewis 
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basicity of acetone (76.03 ±0.21 kJ molī1) relative to those of acetonitrile (60.39 ±0.46 

kJ molī1) and propionitrile (60.95 ±0.21 kJ molī1) as measured on the BF3 affinity scale 

in CH2Cl2 solvent.[16] 

 

Figure 3.1.  The structural unit in the crystal structure of [(CH3)CO]3XeO3 (1); thermal 

ellipsoids are shown at the 50% probability level. 
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3.2.2.2 [(CH3)2SO]3(XeO3)2 (2).  

The structural unit of (2) consists of three DMSO ligands that oxygen-bridge two 

XeO3 molecules (Figure 3.2). The oxygen atoms of the XeO3 molecules are nearly eclipsed. 

The methyl groups of two DMSO ligands are orientated towards Xe(2)O3, and the methyl 

groups of the third DMSO ligand are directed towards Xe(1)O3. The structure provides an 

instance where two non-bonded Xe(VI) atoms are in close proximity. The XeĀĀĀXe distance 

(3.9974(3) Å) is similar to the XeĀĀĀXe distances in the C2/c and P21/c phases of solid XeF6 

(C2/c, 3.974(1); P21/c, 3.925(1) Å)[17] which are somewhat less than the sum of the Xe van 

der Waals radii (4.32 Å[18] or 4.12 Å[19]). In contrast, the XeĀĀĀXe distances in all three 

phases of solid XeO3 exceed 4.0 Å.[5] The Xe---O bond lengths (2.6825(12)ï2.8709(12) Å) 

are very similar to those of solid XeO3 (2.678(2)ï2.8387(12) Å).[5] The structural units are 

well separated and the sulfur atoms of the DMSO ligands have no significant contacts. The 

SïO bonds (1.524(1)ï1.538(1) Å) are somewhat longer than those of solid DMSO 

(1.513(5) Å)[20] but are significantly shorter than those of protonated DMSO in 

[(CH3)2SOH]4[Ge3F16] (1.587(3), 1.593(3) Å),[21] and similar to those of the hemi-

protonated [(CH3)2SO)2H]+ cation (1.531(4), 1.536(4) Å).[21]  
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Figure 3.2.  The structural unit in the crystal structure of [(CH3)2SO]3(XeO3)2 (2) as viewed 

perpendicular (left) and along (right) the XeĀĀĀXe axis; thermal ellipsoids are 

shown at the 50% probability level. 

3.2.2.3 (C5H5NO)3(XeO3)2 (3).  

The structural unit of [C5H5NO]3(XeO3)2 consists of two XeO3 molecules which are 

O-bridged by a C5H5NO ligand and are each O-coordinated to a terminal C5H5NO ligand 

(Figure 3.3). The structural units are arranged in chains that are parallel to the c-axis of the 

unit cell. The terminal C5H5NO ligands and XeO3 molecules are related by a C2-axis which 

passes through O(4) and C(3) of the central bridging C5H5NO ligand. The later lies on a 

pseudo-mirror plane and is bonded through two relatively short Xe---O bonds (2 × 2.604(1) 

Å) to adjacent XeO3 molecules. The XeO3 molecules are coordinated through one shorter 

(2.586(1) Å) and one longer (2.896(1) Å) Xe---O bond with their terminal C5H5NO ligands. 

This arrangement may be described as five-membered oxygen-bridged units linked by 

weak Xe---O bonding interactions to form infinite chains parallel to the c-axis. The NïO 

bonds (1.336(1), 1.345(2) Å) are slightly longer than those of (C5DH4NO, 1.318(3); 

C5H2D3NO, 1.319(6); C5D5NO, 1.308(3) Å).[23] Elongation of the NïO bond has been 
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previously observed in C5H5NO adducts with Lewis acid centers such as the boron-azine 

cations (C5H5NOBC4H4NC2H6, 1.383(2) Å).[24] 

 

Figure 3.3.  The crystal structure of (C6H5NO)3(XeO3)2 (3); thermal ellipsoids are shown 

at the 50% probability level.  

3.2.2.4  [(C6H5)3PO]2XeO3 

The room-temperature structure of [(C6H5)3PO]2XeO3 belongs to the orthorhombic 

space group Fdd2 (Z = 8) and consists of two symmetry-equivalent (C6H5)3PO molecules 

which are coordinated to a disordered XeO3 molecule. Upon cooling to ī173 oC, a phase 

transition occurs to give an ordered phase of [(C6H5)3PO]2XeO3 which belongs to the 

orthorhombic Cc space group (Z = 4). Other than two Xe---O ligand bonds, there are no 

significant secondary contacts to the Xe atom of XeO3 (Figure 3.4). Coordination of less 

than three ligands to XeO3 has not been previously encountered and is likely a consequence 

of the steric bulk of (C6H5)3PO ligands, which prevents additional Xe---O bonding 
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interactions with neighboring XeO3 molecules. The resulting Xe coordination sphere may 

be described as a distorted square pyramid. The lower coordination number results in Xe--

-O bonds (2.605(3) and 2.591(3) Å) that are significantly shorter than those of solid XeO3 

(2.678(2)ï2.8387(12) Å). One (C6H5)3PO ligand has cisïO---XeïO bond angles (89.8(1), 

89.1(2)°) that are very close to 90o, whereas the remaining O---XeïO angles are smaller 

(84.0(1)°) and larger (95.0(1)°). The small O---Xe---O bridge bond angle (81.2(1)°), which 

results from contacts with ligands, may be the result of the greater repulsion between the 

Xe---O and XeïO double-bond domains. The O(2), O(3), O(4) and O(5) atoms are coplanar 

within ±0.07 Å and Xe lies 0.28 Å out of this plane. The shorter average XeïO bond lengths 

of (4) result in a higher XeVI bond valence (5.601 v.u.) than the XeïO bonds of 

(C6H5NO)3(XeO3)2 (5.536 v.u.). This permits a XeVI bond valence of 5.999 to be achieved 

for (4) despite only two Xe---O bonding interactions.  

The PïO bonds (1.504(3), 1.508(3) Å) of the (C6H5)3PO ligands are elongated 

relative to that of solid (C6H5)3PO (1.484(1) Å) whereas the PïC bonds (1.804(6)ï1.809(6) 

Å) are not significantly different from those of solid (C6H5)3PO (1.798(2)ï1.804(2) Å).[25] 

The PïO bond of the cationic aza-borine adduct of (C6H5)3PO ((C6H5)3POBC4H4NC2H6, 

1.5563(13) Å)[24] is significantly longer than those of the XeO3 adduct. 
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Figure 3.4.  The structural unit in the crystal structure of [(C6H5)3PO]2XeO3; thermal 

ellipsoids are shown at the 50% probability level. 

Hirshfeld surfaces (see Chapter 4 ī Supporting Information; Hirshfeld Surface 

Anaysis) mapped with the dnorm function provide an unbiased means to identify close 

contacts in complex crystal structures.[26] Hirshfeld surfaces of XeO3 and (C6H5)3PO in (4) 

mapped with the dnorm functions and are depicted in Figures 3.5 and 3.17, respectively. 

Contacts shorter than the sums of the xenon and oxygen van der Waals radii appear as 

circular red regions on the light blue surface. The two large, intense red areas on the 

Hirshfeld surface of (4) (Figure 3.2) indicate that the adduct has only two Xe---O secondary 
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bonds. Additional smaller, light red areas on the surface arise from O---C(H) hydrogen 

bonding between neighboring [(C6H5)3PO]2XeO3 molecules in the crystal lattice.   

 

Figure 3.5.   The Hirshfeld surface of XeO3 in [(C6H5)3PO]2XeO3. Two views of the 

surface are provided which highlight the five-coordinate Xe atom of XeO3 

and its secondary bonding interactions with the (C6H5)3PO ligand. 

 

 Raman Spectroscopy 

Complete lists of vibrational frequencies and their assignments are provided for  

[(CH3)2CO]3XeO3 (1), [(CH3)2SO]3(XeO3)2 (2), (C5H5NO)3(XeO3)2 (3), (Ph3PO)2XeO3 (4) 
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and [(C6H5)2POCH2]2XeO3ĀNCCH3 (5) in Tables 3.10ï3.14, respectively, and their Raman 

spectra are depicted in Figures 3.6ï3.10. Raman spectral assignments were aided by 

comparison with the published assignments of XeO3 and its adducts,[5,6,8,9] and with the 

calculated vibrational frequencies and intensities of the energy-minimized gas-phase 

geometries of (1)ï(4) (Figure 3.11; see Quantum-Chemical Calculations). Vibrational 

assignments for the ligands were made by comparison with the published assignments of 

(CH3)CO,[27] (CH3)2SO,[28] C5H5NO,[29] (C6H5)3PO.[30] The Raman spectra of (2)ï(5) were 

recorded in air at 20 oC, which also confirmed the room-temperature stabilities of solid 

compounds as well as their insensitivities to atmospheric moisture. Although (2) slowly 

decomposes at room temperature by oxidation of the ligand to (CH3)SO2 (eq 3), it was 

possible to record its Raman spectrum at room temperature without appreciable 

decomposition.  The Raman spectrum of (1) was recorded at ï78 oC in a sealed FEP sample 

tube to prevent adduct dissociation.  

As previously shown for other XeO3 adducts,[5,6,8,9] coordination of XeO3 to a Lewis 

base results in a shift of the most intense band, ɜsym(A1), to lower frequency (778 (1); 769 

(2); 761 (3); 776 (4) 772 (5) cmï1) relative to that of XeO3(aq). The asymmetric XeO3 

stretching (ɜas(E), 804, 830, 835 (1); 819, 826, and 833 (2); 803, 810, and 819 (3); 831 (4) 

788, 826 (5) cmï1) and bending modes (ŭumb(A1), (343 (1); 342, 350 (2); 342 (3); 345 (4) 

303 (5) cmï1), ŭas(E), (314 (1); 307, 311 (2); 311 (3); 253, 289, and 307 (4) 269 (5) cmï1)) 

are shifted relative to XeO3(aq).  

Calculations predict significant coupling of the symmetric and asymmetric stretches 

of both XeO3 molecules in (2) and (3). The bands assigned to the asymmetric stretches 



M.Sc. Thesis ï Katherine M. Marczenko; McMaster University ï Chemistry 

63 
 

result from in-phase and out-of-phase coupling. Although the calculations predict two 

vibrational bands associated with the symmetric XeO3 stretches, only one band was 

assigned to this mode. Significant coupling does not occur in the adducts (1) and (4). 

The complexation shifts for the n(PO) stretching modes of (C6H5)3PO Lewis acid-

base adducts were previously shown to be approximately proportional to the strength of the 

Lewis acid.[31] The bands assigned to the n(PO) of [(C6H5)3PO]2XeO3 (1155 cmī1) are 

shifted 30 cmī1 to lower frequency relative to free (C6H5)3PO (1185 cmī1), but are shifted 

less than that of ((C6H5)3PO)2SbCl3 (50 cmī1),[32] suggesting that XeO3 is a weaker Lewis 

acid than SbCl3. The complexation shifts for the PïO stretching modes of 

((C6H5)3PO)3BiCl3 (25 cmī1) and ((C6H5)3PO)2BiBr3 (39 cmī1)[32] (determined by Raman 

spectroscopy), suggest the Lewis acid strength of XeO3 is similar to that of BiCl3 but less 

than that of BiBr3.  

 

Figure 3.6.  The Raman spectrum of [(CH3)2CO]3XeO3 recorded at ī78 ÁC using 1064-

nm excitation. Symbols denote FEP sample tube lines (*) and an 

instrumental artifact (À). 
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Figure 3.7  The Raman spectrum of [(CH3)2SO]3(XeO3)2, recorded at 20 °C using 1064-

nm excitation. Symbol (À) denotes an instrumental artifact. 

 

 

Figure 3.8   The Raman spectrum of (C5H5NO)3(XeO3)2, recorded at 20 °C using 1064-

nm excitation. Symbol (À) denotes an instrumental artifact. 
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Figure 3.9.   The Raman spectrum of [(C6H5)3PO]2XeO3, recorded at 20 °C using 1064-

nm excitation. Symbol (À) denotes an instrumental artifact. 

 

 
Figure 3.10.  The Raman spectrum of [(C6H5)2POCH2]2XeO3ĀNCCH3 recorded at 20 °C 

using 1064-nm excitation. The symbol (À) denotes an instrumental artifact. 

 

 Quantum-Chemical Calculations 

The energy-minimized geometries, with all frequencies real, were calculated for 

[(CH3)2CO]3XeO3 (1) (B3LYP, C1 symmetry, Figure 3.11a), [(CH3)2SO]3(XeO3)2 (2) 
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(B3LYP, C1 symmetry; APFD, C1 symmetry, Figure 3.11b), (C5H5NO)3(XeO3)2 (3) 

(B3LYP, C1 symmetry; APFD, C2 symmetry, Figure 3.11c) and (Ph3PO)2XeO3 (4) 

(B3LYP, C1 symmetry, Figure 3.11d) using the Def2-TZVP basis set. Selected calculated 

bond lengths and bond angles for (1)ï(4) are provided in Tables 3.5ï3.8. Overall, the 

calculated geometric parameters are in good agreement with those obtained from the crystal 

structures.  

As previously shown for (CH2CH2O)5XeO3,
[8] the calcualted XeïO and Xe---O 

distances more closely resemble the experimental values when calculated at the 

APFD/Def2-TZVP level of theory because the B3LYP level overestimates bond lengths. 

The geometries of (1) and (4) were optimized using the B3LYP/Def2-TZVP level due to 

convergence failures at the APFD level. The XeïO and Xe---O bond distances of (1) and 

(4) are slightly elongated relative to their experimental distances (XeïO: (1) exptl, 

1.762(1)ï1.767(1), calcd, 1.784ï1.786 Å; (4) exptl, 1.763ï1.772, calcd, 1.783ï1.785 Å; 

Xe---O: (1) exptl. 2.738(1)ï2.780(1), calcd, 2.864ï2.866 Å; (4) exptl, 2.591(1)ï2.605(1), 

calcd, 2.723ï2.731 Å).  

The gas-phase optimized (APFD) structure of (2) reproduces the eclipsed 

conformation of the XeO3 molecules in the crystal structure. The calculated XeĀĀĀXe 

distance (3.968 Å) is slightly shorter than the experimental distance (3.997(1) Å). The 

calculated XeïO (1.762ï1.780 Å) and Xe---O (2.675ï2.825 Å) bond lengths are in 

excellent agreement with their respective experimental values (XeïO, 1.763ï1.772; Xe---

O, 2.682(1)ï2.871(1)).  
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The isolated repeat units in (3) was optimized at the B3LYP and APFD level (3ǋ) 

with only two Xe---O contacts. The crystal structure geometry significantly distorted at the 

B3LYP level of theory (C1 symmetry) but was maintained at the APFD level (C2- 

symmetry). The absence of the third Xe---O contact between neighboring chains resulted 

in shorter XeïO bonds (exptl, 1.770ï 1.781; calcd, 1.763ï1.772 Å), but had no significant 

effect on the Xe---O bond lengths (exptl, 2.591(2)ï2.606(1); calcd, 2.616ï2.680 Å). 

The Natural Population Analysis (NPA) atomic charges, Wiberg bond indices, and 

Wiberg valences were calculated for compounds (1)ï(4) (Table 3.3; Tables 3.14ï3.18). 

The results are consistent with enhancement of the polar covalent XeïO bonds in all 

compounds. The NPA charges of the Xe atom and OXeO3 atoms are significantly more 

positive and more negative, respectively, than those of XeO3. Apart from (3), the Wiberg 

valences of Xe also decrease upon coordination. The Wiberg bond indices of the primary 

XeïO bonds decrease upon coordination of XeO3 to a Lewis base. The small Wiberg bond 

indices (0.023ī0.076) of the Xe---O adduct bonds are consistent with very weak covalent 

bonding. The changes in atomic charges and bond indices that accompany coordination are 

consistent with enhanced polar-covalent character of the primary XeïO bonds of XeO3 and 

predominantly electrostatic Xe---O bonds in (1)ï(4), as observed for the ů-hole bonded N-

base adducts[8,9] and O-base adduct[6] of XeO3. 
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Table 3.3.  Natural Population Analysis (NPA) Charges and Wiberg Valences for the Xe 

atom and OXeO3 atoms, and the Wiberg XeïO Bond Indices for XeO3 and Compounds (1)ï

(4).  

  B3LYP  APFD 

  XeO3 (1) (2) (4)  XeO3 (2) (3) 

Atomic 

Charges 

Xe   2.688   2.854   2.854   2.861   2.866    2.640   2.924   2.933   2.844 

O ï0.896 

ï0.896 

ï0.896 

ï0.962 

ï0.968 

ï0.973 

ï0.978 

ï0.971 

ï0.961 

ï0.964 

ï0.957 

ï0.974 

ï0.964 

ï0.968 

ï0.959 

 ï0.880 

ï0.880 

ï0.880 

ï0.955 

ï1.012 

ï0.997 

ï0.966 

ï1.034 

ï0.991 

ï0.989 

ï0.955 

ï0.979 

 

 

Wiberg 

Valences 

Xe [3.390] [3.351] [3.356] [3.356] [3.354]  [3.386] [3.348] [3.346] [3.402] 

O [1.550] 

[1.550] 

[1.550] 

[1.470] 

[1.464] 

[1.458] 

[1.458] 

[1.467] 

[1.480] 

[1.476] 

[1.485] 

[1.463] 

[1.466] 

[1.475] 

[1.486] 

 [1.551] 

[1.551] 

[1.551] 

[1.500] 

[1.432] 

[1.449] 

[1.489] 

[1.403] 

[1.459] 

[1.439] 

[1.507] 

[1.473] 

 

 

Bond 

Indices 

XeīO  1.130 

 1.130 

 1.130 

 1.091 

 1.083 

 1.076 

 1.088 

 1.095 

 1.075 

 1.079 

 1.072 

 1.092 

 1.077 

 1.090 

 1.101 

  1.129 

 1.129 

 1.129 

 1.117 

 1.048 

 1.064 

 1.107 

 1.021 

 1.076 

 1.050 

 1.109 

 1.078 

 

 

Xe---O   0.027 

 0.027 

 0.027 

 0.023 

 0.024 

 0.027 

 0.028 

 0.030 

 0.025 

 0.033 

 0.033 

   0.029 

 0.032 

 0.029 

 0.041 

 0.042 

 0.026 

 0.076 

 0.049  

 

 

The predicted average binding energies of [(CH3)2CO]3XeO3, [(CH3)2SO]3(XeO3)2, 

(C5H5NO)3(XeO3)2 and [(C6H5)3PO]2XeO3 are provided in Table 3.4. The binding energies 

of [(CH3)2CO]3XeO3 and [(C6H5)3PO]2XeO3 are similar, despite the fact that 

[(C6H5)3PO]2XeO3 has only two Xe---O bonding interactions and [(CH3)2CO]3XeO3 has 

three, but agrees with the two shorter and stronger Xe---O bonds in [(C6H5)3PO]2XeO3 

versus the three weaker bonds in the acetone adduct. The (C5H5NO)3(XeO3)2 and 

[(CH3)2SO]3(XeO3)2 adducts have binding energies that are approximately 1.5ï2 times as 

large as the other two adducts, since it has four and six Xe---O bonding interactions in the 

gas phase, respectively. The formation of (2) and (3) is spontaneous and exothermic and 

room temperature. The thermodynamic parameters for (1) are consistent with experimental 



M.Sc. Thesis ï Katherine M. Marczenko; McMaster University ï Chemistry 

70 

 

observation and indicate that the system is in equilibrium with adduct dissociation 

occurring at higher temperatures.  

Table 3.4.  Calculated binding energies[a] for [(CH3)2CO]3XeO3 (1), [(CH3)2SO]3(XeO3)2 

(2), (C5H5NO)3(XeO3)2 (3) and [(C6H5)3PO]2XeO3 (4). 

 (1)[b] (1)[c] (2)[b] (3)[b] (4)[b] 

Binding energy (kJ molï1) ï92.2  ï178.2 ï141.9 ï93.8 

ȹHrxn ï82.1 ï88.5 ï220.0 ï186.5  

ȹGrxn  32.8 ï14.0 ï38.5 ï17.9  

 [a] B3LYP/Def2-TZVP. [b] 298 K. [c] 195 K.  

 

3.3 Conclusion 

Examples of XeO3 oxygen-base adducts were synthesized and structurally 

characterized. The [(C6H5)3PO]2XeO3 adduct contains well-isolated, distorted square 

pyramidal XeO3 units and provides the only example presently known for a XeO3 adduct 

which has only two secondary bonding interactions. The [(CH3)2CO]3XeO3, 

[(CH3)2SO]3(XeO3)2, and (C5H5NO)3(XeO3)2 adducts each display different packing 

motifs which are well-isolated structural units, dimers, and chains, respectively. The 

triphenylphosphine oxide and pyridine-N-oxide adducts are air-stable at room temperature 

and are insensitive to mechanical shock. The mean shifts of the v(PO) vibrational modes 

for [(C6H5)3PO]2XeO3 indicate that XeO3 is a weaker Lewis acid than SbCl3 but is 

comparable to the Lewis acid strength of BiCl3 and BiBr3. Calculations show enhancement 

of the XeïO primary bonds upon coordination and predominantly electrostatic Xe---O 
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bonding interactions between the nucleophilic O atoms of the oxygen bases and the 

electrophilic ů-holes of the xenon atoms. 

Acknowledgements 

We thank the Natural Sciences and Engineering Research Council of Canada 

(NSERC) for support in the form of a Discovery Grant (G.J.S.) and an Alexander Graham 

Bell CGS-award (J.T.G). We thank Dr. Hélène P. A. Mercier for her valued comments 

relating to the manuscript and for her assistance with the vibrational assignments. We are 

also grateful for the computational resources provided by SHARCNet (Shared Hierarchical 

Academic Research Computing Network, www.sharcnet.ca) and compute Canada.  

Experimental Section 

Caution!  Solid XeO3 detonates when subjected to mild thermal or mechanical shock. 

Great care must be taken during the syntheses and handling of XeO3 and its adducts. For 

these reasons, the quantity of XeO3 used in each synthesis was limited to 5ï15 mg. Reaction 

vessels used in this study were fabricated from FEP (hexafluoropropylene, 

tetrafluoroethylene copolymer) fluoroplastic, which is inert to attack by HF, strong 

oxidants and fluorinating agents, and generally does not shatter to produce sharp shards 

when a detonation occurs at the reagent scales described in this study. Appropriate 

protective equipment (face shield, leather gloves, ear protection) must be used. 

 

Apparatus and Materials  

All volatile, air-sensitive, corrosive fluorides were handled on metal vacuum lines 

constructed of nickel, 316 stainless steel, and FEP fluoroplastic. Anhydrous HF (Harshaw 

Chemicals Co.) was purified as previously described.[33]  

http://www.sharcnet.ca/
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Xenon hexafluoride was prepared by the reaction of Xe (99.995%, Air Products and 

Chemicals, Inc.) and F2 (98+%, Air Products and Chemicals, Inc.) similar to the method 

described by Malm and Chernick.[34] Small amounts of XeF4 impurity, identified by two 

strong peaks at 502 and 543 cmī1 in the Raman spectrum, also formed XeO3 when 

hydrolyzed[35] and therefore did not interfere with the synthesis of XeO3.   

Aqueous solution of XeO3 was synthesized by hydrolysis of XeF6 as previously 

described.[5] An aliquot (ca. 10 mg, 0.056 mmol XeO3) of the resulting aqueous solution, 

XeO3Ā6HF(aq), was transferred into a 3 × 3 cm FEP (hexafluoropropylene, tetrafluoro-

ethylene copolymer) fluoroplastic tray by use of a pipette fabricated from FEP tubing. 

Water and HF were removed from XeO3 by evaporation overnight in a fume hood to give 

solid XeO3. The sample was transferred to a plastic (HDPE) desiccator and dried over 4 Å 

molecular sieves for 2ī3 h to ensure that all surface water had been removed from XeO3(s). 

[(CH3)2CO]3XeO3 (1).  In a typical reaction, acetone (ca. 0.2 mL) was pipetted onto dry XeO3 

(ca. 6 mg, 0.03 mmol) in an FEP tray. Acetone was carefully pipetted onto solid XeO3 which 

rapidly dissolved to give a clear, colorless solution which was then pipetted into a ¼-in FEP 

reactor. Clear, colorless, block-shaped crystals grew upon slow cooling from 20 to ī78 ÁC. The 

solvent was removed under dynamic vacuum at ī78 to ī60 ÁC and the reactor was backfilled 

at ī78 oC with N2 as soon as the solvent removal was complete. The sample was stored at ī78 

°C to prevent adduct dissociation and loss of acetone.  

[(CH3)2SO]3(XeO3)2 (2).  A stoichiometric excess of (CH3)2SO (ca. 0.2 mL, 2.8 mmol) was 

mixed with an aliquot (ca. 0.2 mL, 0.056 mmol of XeO3) of aqueous XeO3Ā6HF obtained by 

hydrolysis of XeF6 at room temperature. Slow evaporation of the mixture at room temperature 
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inside a fume hood yielded large, colorless, plate-shaped crystals of [(CH3)2SO]3(XeO3)2. The 

crystalline material had a wax-like appearance and was shock insensitive, but slowly 

decomposed to (CH3)2SO2, Xe, and O2 at room temperature over a period of several days. 

(C5H5NO)3(XeO3)2 (3).  An aqueous solution of C5H5NO (ca. 7 mg, 0.07 mmol) was mixed 

with an aqueous solution of XeO3 (ca. 12 mg, 0.067 mmol) in an FEP tray. Evaporation of the 

solution yielded a single, large, rod-shaped crystal of (C5H5NO)3(XeO3)2. The crystal was 

insensitive to mechanical shock and was easily cut into smaller pieces for crystal mounting. 

Crystalline (C5H5NO)3(XeO3)2 underwent rapid deflagration when brought into contact with a 

flame. 

[(C5H5)3PO]2XeO3 (4).  A CH3CN solution of triphenylphosphine (12 mg, 0.067 mmol) was 

layered onto an aqueous solution of XeO3 (10 mg, 0.056 mmol) at 0 °C in a ¼-in FEP reaction 

vessel. The reaction mixture was left to stand undisturbed overnight. Clear, colorless, block-

shaped crystals of [(C6H5)3PO]2XeO3 grew which were separated from the mother liquor by 

use of an FEP pipette. The crystals were stable at room temperature.  

[(C6H5)3PO]nXeO3ĀxCH3CN.  Triphenylphosphine (8.5 mg, 0.032 mmol) was dissolved in a 

CH3CN solution of XeO3 (5 mg, 0.03 mmol) at ī10 ÁC. Slow cooling afforded a fine precipitate 

of [(C6H5)3PO]nXeO3ĀxCH3CN. Attempts to grow crystals suitable for an X-ray structure 

determination were unsuccessful.  

[(C6H5)2POCH2]2XeO3ĀNCCH3.  A concentrated solution of DPPE (1,2-

bis(diphenylphosphino)-ethane) in CH3CN (6 mg, 0.02 mmol) was layered onto an aqueous 

solution of XeO3 (3 mg, 0.02 mmol) at 0 °C in a ¼-in. FEP reaction vessel. The reaction mixture 

was left undisturbed for 4 h. A crystalline precipitate formed which consisted of small block-
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shaped crystals of [(C6H5)2POCH2]2XeO3ĀCH3CN which were stable at room temperature for 

several days. 

X-ray Crystallography. (a) Crystal Mounting. Single-crystals of [(CH3)2SO]3(XeO3)2, 

(C5H5NO]3(XeO3)2 and [(C6H5)3PO]2XeO3 were submerged in perfluoropolyether oil 

(Fomblin Z-25) in the open atmosphere and were selected at room temperature and 

mounted at the tip of a dual-thickness polymer loop (MiTeGen, Ithaca, NY; MicroMount;Ê 

100ï500 ɛm) using Halocarbon 25-5S grease (Halocarbon Products Corporation, River 

Edge, NJ). Single-crystals of [(CH3)2CO]3XeO3 were mounted on an X-ray diffractometer 

at low-temperatures using a previously described procedure.
[36] Samples which contained 

isolated dry crystals were mounted by carefully pouring the crystals into a ¾-in. FEP cold 

trough held at ī80 Ñ5 ÁC. While still inside the cold trough, the crystal was affixed to a 

nylon cryoloop (MiTeGen MicroMounts TM) that had been dipped in an inert perfluorinated 

polyether. 

(b) Collection and Reduction of X-ray Data.  Crystals were centered on a Bruker SMART 

APEX II diffractometer equipped with an APEX II 4K CCD (charge-coupled device) area 

detector and a triple-axis goniometer that was controlled by the APEX II Graphical User 

Interface (GUI) software.[37] A Bruker Triumph curved crystal monochromator was used 

with a Mo KŬ (ɚ = 0.71073 ¡) radiation source for all compounds. Diffraction data 

collection at ī173 ÁC consisted of ɤ- and f-scans collected at 0.5o intervals. The crystal-

to-detector distance was 4.960 cm (compounds (1) and (3)) or 4.954 cm (compounds (2) 

and (4)) and data collection was carried out in a 512 x 512 pixel mode using 2 x 2 pixel 
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binning. The raw data was processed by use of the APEX III GUI software.[37] The 

SADABS[38] program was used for scaling the diffraction data.  

(c) Solution and Refinement of the Structure.  The XPREP program[39] was used to confirm 

unit cell dimensions and the crystal lattice. All calculations were carried out using the 

SHELXTL-plus[39] and the Olex2[40] packages for structure determination, solution 

refinement, and molecular graphics. Space group choices were confirmed using Platon.[41] 

The final refinements were obtained by introducing anisotropic thermal parameters and the 

recommended weightings for all of the atoms except the hydrogen atoms. The H atoms 

were placed at locations derived from a difference map. The H atoms were included as 

riding contributions with isotropic displacement parameters that were 1.2 times those of 

the attached carbon atoms. The maximum electron density in the final difference Fourier 

map was located near the xenon atom. 

Raman Spectroscopy.  The Raman spectra were recorded on a Bruker RFS 100 FT-Raman 

spectrometer using 1064-nm excitation, 300 mW laser power, and ±0.5 cmī1 resolution as 

previously described.[36]  

Computational Details.  Density-functional theory (DFT) was employed to study the 

electronic structures of XeO3, [(CH3)2CO]3XeO3, [(CH3)2SO]3(XeO3)2, (C5H5NO]3(XeO3)2 

and [(C6H5)3PO]2XeO3, and the ligands. All basis sets were obtained online from the EMSL 

Basis Set Exchange (https://bse.pnl.gov/bse/portal).[42] Quantum-chemical calculations 

were carried out using the program Gaussian 09[43] for geometry optimizations and to create 

wavefunction files. The GaussView[44] program was used to visualize the vibrational 
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displacements that form the basis for the vibrational mode descriptions given in Table S1. 

The CrystalExplorer 3.1[45] program was used for Hirshfeld surface analyses. Natural bond 

orbital analyses were performed using APFD densities with the NBO program (version 

6.0).[46] 
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3.4 Supporting Information  

 

 

  
 

Figure 3.12.   The packing diagram for [(CH3)CO]3XeO3; thermal ellipsoids are shown at 

the 50% probability level and hydrogen atoms have been omitted for clarity.  
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Figure 3.13.   The packing diagram for [(CH3)SO]3(XeO3)2; thermal ellipsoids are shown 

at the 50% probability level and hydrogen atoms have been omitted for 

clarity. 
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Figure 3.14.   The packing diagram for (C5H5NO)3(XeO3)2; thermal ellipsoids are shown 

at the 50% probability level and hydrogen atoms have been omitted for 

clarity. 
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Figure 3.15.   The packing diagram for [(C6H5)3PO]2XeO3; thermal ellipsoids are shown 

at the 50% probability level and hydrogen atoms have been omitted for 

clarity. 
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Figure 3.16.  The preliminary X-ray crystal structure of [(C6H5)2POCH2]2XeO3ĀCH3CN (5); 

the hydrogen atoms have been omitted for clarity and thermal ellipsoids are 

shown at the 50% probability levels.
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Table 3.5. Experimental and calculated[a] (C1 symmetry) geometrical parameters for 

[(CH3)2CO]3XeO3. 

Bond Lengths (Å) 

exptl calcd 

Xe1ïO1 1.768(2) Xe2ïO4 1.765(2) 1.786 

Xe1ïO2 1.768(2) Xe2ïO5 1.767(2) 1.784 

Xe1ïO3 1.764(2) Xe2ïO6 1.762(2) 1.785 

Xe1ïO7 2.768(2) Xe2ïO10 2.778(2) 2.866 

Xe1ïO8 2.745(2) Xe2ïO11 2.740(2) 2.864 

Xe1ïO9 2.738(2) Xe2ïO12 2.777(2) 2.865 

O7ïC2 1.211(4) O10ïC11 1.217(4) 1.216 

C1ïC2 1.506(4) C10ïC11 1.488(4) 1.507 

C2ïC3 1.488(4) C11ïC12 1.499(4) 1.509 

C4ïC5 1.484(5) C13ïC14 1.493(5) 1.507 

C5ïC6 1.487(5) C14ïC15 1.491(5) 1.509 

O8ïC5 1.223(4) O11ïC14 1.210(3) 1.216 

C7ïC8 1.492(5) C16ïC17 1.485(5) 1.509 

C8ïC9 1.493(4) C17ïC18 1.484(5) 1.507 

O9ïC8 1.223(3) O12ïC17 1.221(3) 1.216 

 

Bond Angles (o) 

exptl calcd 

O2ïXe1ïO1 101.70(9) O4ïXe2ïO5 101.86(9) 103.11 

O1ïXe1ïO3 101.80(9) O4ïXe2ïO6 101.59(9) 102.89 

O2ïXe1ïO3 102.37(9) O5ïXe2ïO6 102.11(9) 103.29 

O1ïXe1ïO8 85.95(8) O4ïXe2ïO12 88.85(8) 85.94 

O2ïXe1ïO8 161.16(8) O6ïXe2ïO12 166.72(8) 166.70 

O3ïXe1ïO8 92.70(7) O6ïXe2ïO10 88.69(8) 83.79 

O1ïXe1ïO7 164.84(8) O5ïXe2ïO11 161.47(8) 166.71 

O3ïXe1ïO7 90.91(7) O6ïXe2ïO11 91.05(8) 85.94 

O2ïXe1ïO9 86.22(7) O4ïXe2ïO11 87.98(8) 83.99 

O1ïXe1ïO9 89.48(7) O5ïXe2ïO12 83.49(8) 85.61 

O3ïXe1ïO9 163.94(8) O4ïXe2ïO10 166.89(8) 166.99 

O8ïXe1ïO9 76.58(6) O10ïXe2ïO11 83.66(6) 87.06 

Xe1ïO9ïC8 135.7(2) Xe2ïO11ïC14 142.5(2) 128.92 

O7ïC2ïC3 122.5(3) O10ïC11ïC10 121.8(3) 122.02 

O7ïC2ïC1 120.7(3) O10ïC11ïC12 121.6(3) 120.60 

O8ïC5ïC4 120.8(3) O11ïC14ïC13 122.0(3) 120.60 

O8ïC5ïC6 121.1(3) O11ïC14ïC15 121.3(3) 122.01 

O9ïC8ïC7 120.7(3) O12ïC17ïC18 121.3(3) 120.60 

O9ïC8ïC9 122.0(3) O12ïC17ïC16 121.3(3) 122.03 

C1ïC2ïC3 116.7(3) C10ïC11ïC12 116.6(3) 117.36 

C4ïC5ïC6 118.1(3) C13ïC14ïC15 116.8(3) 117.38 

C7ïC8ïC9 117.4(3) C16ïC17ïC18 117.6(3) 117.36 

  

[a] B3LYP/Def2-TZVP. 
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Table 3.6. Experimental and calculated[a] (C1 symmetry) geometrical parameters for 

[(CH3)2SO]3(XeO3)2.  

Bond Lengths (Å) Bond Angles (o) 

 exptl calcd[a]  exptl calcd[a] 

Xe1ïO1 1.763(1) 1.770 O1īXe1īO2 101.96(7) 102.96 

Xe1ïO2 1.767(1) 1.760 O1īXe1īO3 102.31(7) 103.56 

Xe1ïO3 1.771(1) 1.774 O2īXe1īO3 102.29(7) 103.63 

Xe2ïO4 1.765(1) 1.768 O4īXe2īO5 102.25(6) 103.62 

Xe2ïO5 1.771(1) 1.762 O4īXe2īO6 101.92(7) 103.04 

Xe2ïO6 1.772(1) 1.780 O5īXe2īO6 101.27(7) 101.93 

Xe1ïO7 2.871(1) 2.805 O4īXe2īO7 94.20(5) 91.20 

Xe1ïO8 2.726(1) 2.752 O5īXe2īO7 87.18(5) 102.86 

Xe1ïO9 2.693(1) 2.721 O1īXe1īO7 96.31(5) 89.17 

Xe2ïO7 2.703(1) 2.825 O3īXe1īO7 152.46(5) 149.47 

Xe2ïO8 2.770(1) 2.694 O1īXe1īO8 161.32(5) 157.70 

Xe2ïO9 2.683(1) 2.675 O2īXe1īO8 88.96(5) 91.41 

S1ïO7 1.529(1) 1.511 O3īXe1īO8 89.89(5) 89.21 

S1ïC1 1.782(2) 1.789 O1īXe1īO9 90.26(5) 84.21 

S1ïC2 1.788(2) 1.791 O2īXe1īO9 161.80(5) 166.04 

S2ïO8 1.524(1) 1.511 O3īXe1īO9 87.96(5) 85.99 

S2ïC3 1.786(2) 1.788 O8īXe1īO9 75.92(4) 78.46 

S2ïC4 1.779(2) 1.789 O4īXe2īO9 92.96(5) 91.20 

S3ïO9 1.538(1) 1.512 O5īXe2īO7 87.18(5) 87.45 

S3ïC5 1.785(2) 1.787 O6īXe2īO7 159.63(5) 147.48 

S3ïC6 1.782(2) 1.790 O4īXe2īO8 161.77(5) 160.41 

   O6īXe2īO8 92.59(5) 90.04 

   O5īXe2īO9 157.08(5) 168.24 

   O7īXe2īO9 74.56(4) 71.87 

   O6īXe2īO9 92.09(5) 87.45 

   Xe1īO8īS2 130.34(7) 128.55 

   Xe2īO7īS1 117.52(6) 122.53 

   Xe1īO9īXe2 96.08(4) 94.66 

   Xe1īO9īS3 124.15(6) 125.89 

   Xe2īO9īS3 135.49(7) 128.83 

   O7īS1īC1 105.05(8) 106.38 

   O7īS1īC2 105.35(8) 105.32 

   O8īS2īC3 104.82(8) 105.52 

   O8īS2īC4 105.19(9) 105.42 

   O9īS3īC5 105.24(8) 106.16 

   O9īS3īC6 104.39(8) 105.41 

   C1īS1īC2 98.7(1) 98.39 

   C3īS2īC4 99.2(1) 98.47 

   C5īS3īC6 99.36(9) 98.44 

[a] APFD/Def2-TZVP.  
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Table 3.7. Experimental and calculated[a] (C2 symmetry) geometrical parameters for 

[(C5H5NO]3(XeO3)2. 

Bond Lengths (Å)  Bond Angles (o) 

 exptl calcd[a]   exptl calcd[a] 

Xe1ïO1 1.768(1) 1.772  O1ïXe1ïO2 100.65(5) 102.54 

Xe1ïO2 1.779(1) 1.763  O1ïXe1ïO3 102.26(5) 103.10 

Xe1ïO3 1.773(1) 1.770  O2ïXe1ïO3 100.20(5) 104.24 

Xe1ïO4 2.586(1) 2.616  O1ïXe1ïO4 86.08(4) 80.88 

Xe1ïO5 2.604(1) 2.680  O2ïXe1ïO4 87.22(4) 85.25 

Xe1ïO4ô 2.896(1)   O1ïXe1ïO5 82.71(4) 80.87 

O4ïN1 1.335(2) 1.292  O2ïXe1ïO5 172.80(4) 159.50 

N1ïC1 1.353(2) 1.350  O3ïXe1ïO4 167.96(4) 168.40 

N1ïC5 1.354(2) 1.350  O3ïXe1ïO5 85.19(4) 85.25 

C1ïC2 1.380(2) 1.377  O1ïXe1ïO4ô 153.49(4)  

C2ïC3 1.392(2) 1.387  O2ïXe1ïO4ô 101.16(4)  

C3ïC4 1.385(3) 1.387  O3ïXe1ïO4ô 87.22(4)  

C4ïC5 1.377(2) 1.376  Xe1ïO4ïN1 107.00(8) 104.15 

C6ïC7 1.382(2) 1.377  O4ïN1ïC1 119.7(1) 119.76 

C1ïH1 0.94(2) 1.079  O4ïN1ïC5 118.9(1) 119.90 

C2ïH2 0.95(2) 1.082  N1ïC1ïC2 119.9(1) 120.67 

C3ïH3 0.98(3) 1.083  N1ïC5ïC4 120.1(1) 120.71 

C4ïH4 1.00(2) 1.082  C1ïN1ïC5 121.4(1) 120.29 

C5ïH5 0.89(2) 1.078  C1ïC2ïC3 119.6(2) 119.96 

C6ïH6 0.85(2) 1.078  C2ïC3ïC4 119.2(2) 118.41 

C7ïH7 0.94(2) 1.082  C3ïC4ïC5 119.7(2) 119.94 

       

[a] APFD/Def2-TZVP.  
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Table 3.8. Experimental and calculated[a] (C1 symmetry) geometrical parameters for 

[(C6H5)3PO]2XeO3 at ï173 oC. 

Bond Lengths (Å) Bond Angles (o) 

 exptl calcd[a]  exptl calcd[a] 

Xe1ïO1 1.763(4) 1.786 O1ïXe1ïO2 102.2(2) 103.96 

Xe1ïO3 1.770(3) 1.785 O1ïXe1ïO3 103.2(2) 104.10 

Xe1ïO2 1.774(4) 1.785 O2ïXe1ïO3 100.8(2) 101.94 

Xe1ïO4 2.605(3) 2.731 O1ïXe1ïO4 95.0(1) 89.44 

Xe1ïO5 2.591(4) 2.723 O2ïXe1ïO4 84.0(1) 84.32 

P1ïO4 1.507(3) 1.498 O3ïXe1ïO4 159.6(1) 162.99 

P1ïC1 1.805(4) 1.821 O1ïXe1ïO5 89.1(2) 84.32 

P1ïC7 1.811(4) 1.821 O2ïXe1ïO5 162.2(1) 162.31 

P1ïC13 1.812(4) 1.821 O3ïXe1ïO5 89.8(1) 84.32 

P2ïO5 1.505(3) 1.497 O4ïXe1ïO5 81.2(1) 84.27 

P2ïC19 1.804(4) 1.821 Xe1ïO4ïP1 134.9(2) 142.57 

P2ïC25 1.812(3) 1.814 Xe1ïO5ïP2 157.9(2) 148.07 

P2ïC31 1.808(4) 1.821 O4ïP1ïC1 109.1(2) 110.24 

C5ïC4 1.389(7) 1.398 O4ïP1ïC7 113.2(2) 112.88 

C5ïC6 1.383(7) 1.389 O4ïP1ïC13 112.2(2) 112.44 

C5ïH5 0.97(8) 1.083 O5ïP2ïC19 109.9(2) 112.82 

C9ïH9 0.99(7) 1.083 O5ïP2ïC25 111.3(2) 110.44 

C25ïC30 1.406(6) 1.398 O5ïP2ïC31 112.7(2) 112.82 

C29ïC30 1.399(5) 1.389 C7ïP1ïC13 106.8(2) 106.27 

      

[a] B3LYP/Def2-TZVP.  
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Table 3.9. Bond valences[a] for [(CH3)2CO]3XeO3, [(CH3)2SO]3(XeO3)2, 

(C5H5NO)2(XeO3)2, and [(C6H5)3PO]2XeO3. 

 [(CH3)2CO]3XeO3 [(CH3)2SO]3(XeO3)2 (C5H5NO)2(XeO3)2 [(C6H5)3PO]2XeO3 

XeïO 1.892 1.903 1.897 1.887 1.872 1.898 

1.872 1.887 1.877 1.857 1.847 1.862 

1.872 1.877 1.857 1.852 1.817 1.842 

Xe---O 0.136 0.135 0.154 0.158 0.205 0.202 

0.133 0.122 0.128 0.150 0.195 0.195 

0.125 0.122 0.095 0.125 0.089  

Total 6.032 6.047 6.008 6.028 6.026 5.999 

[a]  Values are in valence units (v.u.) as defined in reference [14].  

 

 

 

 

Figure 3.17.  The Hirshfeld surface of the triphenylphosphine ligand in [(C6H5)3PO)2XeO3 

mapped with the dnorm function. 
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Table 3.14. Natural population analysis (NPA) charges, Wiberg valencies, and Wiberg 

bond indices for XeO3, (CH3)2CO, and [(CH3)2CO)3]XeO3. 

 

 

  

 

 

[a] The calculated geometric parameters for XeO3: XeīO, 1.779 ¡; ÏOīXeīO, 106.80°. 

[b] The B3LYP/Def2ïTZVP level of theory was used.  
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Table 3.15. Natural population analysis (NPA) charges, Wiberg valencies, and Wiberg 

bond indices for XeO3, (CH3)2SO, and [(CH3)2SO)3]3(XeO3)2. 

 

 

 

[a] The calculated geometric parameters for XeO3: XeīO, 1.779 ¡; ÏOīXeīO, 106.80°. 

[b] The B3LYP/Def2ïTZVP level of theory was used.  
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Table 3.16. Natural population analysis (NPA) charges, Wiberg valencies, and Wiberg 

bond indices for XeO3, (CH3)2SO, and [(CH3)2SO)3]3(XeO3)2. 

 

 

[a] The calculated geometric parameters for XeO3: XeīO, 1.754 ¡; ÏOīXeīO, 107.18°. 

[b] The APFD/Def2ïTZVP level of theory was used.  

 

 

 

 

 












































































































































































































































































