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Noble-gas bonding represents curiosity. Some xenon hydrigls, such as HXeY (YD Cl,

Br, 1) and their hydrogen-bonded complexes HXeYHX (YD ClI, Br, I; XD OH, ClI,

Br, I, CN, CCH), have been identi ed in matrixes by observingd-Xe frequencies or
its monomer-to-complex blue shifts. However, the H-Xe bonthg in HXeY is not yet
completely understood. Previous theoretical studies prade two answers. The rst one
holds that it is a classical covalent bond, based on a singl@nic structure H-X& Y . The

second one holds that it is resonance bonding between H-Xe Y and H Xe©-Y. This
study investigates the H-Xe bonding, via unusual blue-shéd phenomena, combined
with some NBO/NRT calculations for chosen hydrogen-bondedccomplexes HXeY HX
(YD CI, Br, I; XD OH, CI, Br, I, CN, CCH). This study provides new insights intthe

H-Xe bonding in HXeY. The H-Xe bond in HXeY is not a classicabealent bond. It is a
charge-shift (CS) bond, a new class of electron-pair bondswhich is proposed by Shaik
and Hiberty et al. The unusual blue shift in studied hydrogehonded complexes is its
H-Xe CS bonding character in IR spectroscopy. It is expectedhat these studies on the
H-Xe bonding and its IR spectroscopic property might assisthe chemical community in
accepting this new-class electron-pair bond concept.

Keywords: chemical bonding, charge-shift bonds, electron-p
hypervalent molecule, blue shifts, NBO/NRT methods

air bonds, resonance bonding, noble-gas hydride,

INTRODUCTION

The chemical bond is the most central concept in chemistrye Tinodel of chemical bonding
can help chemists to understand and design matter. Despé@efiparent utility of the model of
chemical bonding, it is incomplete. Developing bonding maedelundoubtedly important to our
understanding of novel molecules, such as the moleculestérgas chemistry{randinetti, 2013

The challenge to noble-gas bonding comes mainly from thetimss of noble-gas atoms.
However, signi cant progress has been made in noble-gas tignduring the past 20 years.
Besides noble-gas hydridégiachtchev et al., 2009noble gas—noble metal complexes have been
studied for their thermodynamic and kinetic stabilities ineory Jana et al., 2017, 2018a,b; Pan
et al., 2019; Saha et al., 2D1Experimentally, about 30 noble-gas hydrides had beertigeby
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the beginning of 1995Rettersson et al., 1995; Rasanen et alas Xek. In 2018, Grandinetti pointed out that a stabilization like
2000; Lundell et al., 2002; Feldman et al., 2003; KhriaektchHNgY is, generally, known as CS bondingréandinetti, 201%
et al., 2003, 2009; Duarte and Khriachtchev, 20About 10 Indeed, the decades following their original work saw more CS
hydrogen-bonded complexes between HNgY (NgXe, Kr) bonding molecules. Very recently, they published their date
and HyO/HCI/HBr/HI/HCCH have been well-characterized via review on CS bondsShaik et al., 2090
infrared (IR) spectroscopy. Interestingly, these complexes/sho Given that Xek and HXeY are similar in geometrical and
unusual shifts of the H-Xe stretching vibration. For exampee  electronic structures, two obvious questions arise: (1hésH-
H-Xe stretching mode of the complex HXel[HCCH exhibits a Xe bond in HXeY a charge-shift bond? (2) What is the H-Xe
blue shift of 49 cm?, in comparison with the monomer HXel CS bonding character in IR spectroscopy? This study explores
(Zhu et al., 201p Some other complexes such as HXeBt,O  these two questions through blue-shifted phenomena, with th
and HXel H»O are characterized by much larger experimentahelp of NBO/NRT analyses. We choose HXetYX (Y D Cl,
blue shifts of the H-Xe stretching frequency100 cm 1) (Tsuge  Br, I; X D OH, ClI, Br, I, CN, CCH) as study systems. Some of
et al., 201} The largest blue shift (300 crh) has been reported them are identi ed in the matrix experiment. We analyze the
for the H-Kr stretching mode of the complex HKrCIHCI relationship between the H-Xe bonding and H-Xe blue shiffe
(Corani et al.,, 2009 These experimental ndings provide aim to understand the H-Xe bonding in HXeY and to extend CS
theoretical chemistry researchers with excellent oppottesito  bonding concepts to noble-gas hydrides.
develop a bonding model for noble-gas hydrides. This paper will be organized as follows. Firstly, we summarize
In pioneering theoretical work, Last and George put forwardthe computational details and discuss the geometrical sirat
one simple ionic structure model H-Ngv  (Last and George, details and H-Xe IR spectroscopic properties for our studied
1989, where H-N§& belongs to a classical covalent bond, to benonomers and complexes. Secondly, we analyze the resonance
exact, an electron-sharing bond, while the interactiorwEstn bonding of HXeY, especially for the bonding between H and Xe.
H-Ng® and Y comes from electrostatic attraction. EnergyThirdly, we analyze the H-Xe bond order. And we determine
decomposition analyses (EDAs) carried out by Frenking fothat the H-Xe bond order must include the contributions of
HArF provided a consistent bonding picturédin et al., 2004  two resonance structures. Fourthly, we con rm that the H-)Xe
Besides this ionic structure model, empirical resonancedbgn  HXeY is a charge-shift bond, and further analyze its CS bogdi
models were proposed by Rasanen's grobptiersson et al., character. Finally, we present the concluding summary, with
1999 and Alabugin's group Alabugin et al., 2004 Recently, emphasis on the H-Xe CS bonding and its bonding character.
our group has carried out the resonance bonding analyses for
noble-gas hydridesZhang et al., 20)eby using Natural Bond
Orbital (NBO) and Natural Resonance Theory (NRT) methodsCOMPUTATIONAL DETAILS
(Glendening and Weinhold, 1998a,b; Glendening et al., 1998,
2001, 2013a,b; Weinhold and Klein, 2014; Weinhold et al§20 The geometry optimization and vibrational frequency
We found that each molecule HNgY could be best describedalculations were carried out with the Gaussian 09 program
as three structures, H-¥&¢ ,H Xe°-Y, and H'Y, where the at the level of the second order M@ller-Plesset perturbation
rst two resonance structures mix to form hyperbonding of theory (MP2) Head-Gordon et al., 1988; Frisch et al., 2009
H-Xe®Y $ H Xe°-Y, as proposed byVeinhold and Landis The def2-TZVPPD basis set was used. This basis set, taken
(2005b) Such bonding provides a picture of resonance covalendyom the EMSL basis set library¢ller, 1996; Schuchardt et al.,
for noble-gas hydrides/{einhold and Klein, 2012, 2014; Landis 20079, is the triple-zeta-valence basis set augmented with two
and Weinhold, 2013; Zhang et al.,, 2015, 2017a; Jiao arsets of polarization and di use basis functions. No imaginary
Weinhold, 201%. frequencies were found in any case, which con rms that our
It is important to note that they are two variants of covalentobtained structures are true local minima on the potential
bonding, which are related to two kinds of electron-pair bend energy surface. The NBO and NRT were employed to analyze
They are our familiar electron-sharing bonds and dative é&n the bonding of our studied systems with the NBOPro 6.0
The di erence between these two types of bonds is due to thprogram Glendening and Weinhold, 1998a,b; Weinhold, 2012,
origin of the bonding electrons. In electron-sharing bondach 2013. Directed NBO analyses could provide the second order
fragment provides one electron. In dative bonds, both e@wr perturbation energy of a donor-acceptor interaction in thesbe
come from one fragment, which donates two electrons to théewis structure. For any other resonance structure, we use
vacant orbital of the other. Also note that besides our faamil $CHOOSE keylist to calculate the second order perturbation
electron-sharing bonds and dative bonds there is one new kinenergy of a donor-acceptor interaction. It is important to
of electron-pair bonds, charge-shift (CS) bonds. The conoépt attach the $NRTSTR keylist in NRT analyses, for it insures a
charge-shift bonds was rst proposed by Shaik and Hiberty et aconsistent set of reference structures for NRT comparisons of
in 1992, to describe a new-class electron-pair bonds, such astudied complexes. The NBO-based natural resonance theory
F> (Shaik et al., 1992 Ten years later, they further presentedcomplements and extends NBO analyses to other resonance
experimental manifestations of CS bondingh@ik et al., 2005, structures. By using $NRTSTR keylist to specify key strusture
2009. They have applied the concept of CS bonds to thas reference structures, we can obtain accurate weigh{éags
understanding of bonding and stabilities of several hyplenva &), & ...) of resonance structures, and NRT bond ordéyss]
molecules Braida and Hiberty, 2013; Braida et al., 20®Btich that express the strength of resonance-weighted chemicalo
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well as a variety of H-Xe frequency blue shifts for some of the
@ D complexes HXeYHX (Y D CI, Br, I; XD OH, CI, Br, I, CN,
gt CCH) at the CCSD(T) level. The di erence in calculated H-Xe
(3 9 bond lengths at both MP2 and CCSD(T) levels<i§.060 A,
\ ' : ' whereas for Xe-Y bond lengths the largest di erence is 0.048 A
' ‘ ‘ the monomer HXel. These comparisons show that the MP2/def2-
Structure A Structure B TZVPPD is an appropriate model chemistry for this study. Thus,
the following discussion will be based on the calculated data

the MP2/def2-TZVPPD level.
Data in Table S1 show that the complexation has non-

@ ‘ ' negligible in uences on monomers HXeY. On the one hand, the
bond lengths of H-Xe in complexes become shorter as compared
Structure C with the value in the corresponding HXeY monomer. Taking
HXeCl species as one example, H-Xe bond lendRhsxe in
- complexes are 1.646, 1.645, 1.644, 1.646, 1.648, and 1.655 A
3‘3 » ‘ ‘ for HX D H>O/HCI/HBr/HI/HCN/HCCH, respectively, while
Structure D the H-Xe bond length of the monomer HXeCl is 1.666 A.
This indicates that the interaction between H and Xe atoms
FIGURE 1 | Four structures of complexes HXeY HCI (YD Cl, Br, ). in monomers HXeY is weaker than that in corresponding

complexes HXeYHX (Y D CI, Br, I; XD OH, CI, Br, |,
CN, CCH). On the contrary, the bond lengths of Xe-Y within
between any atom pair. More importantly, the NBO/NRT-baseccomplexes are slightly larger than that in the corresponding
models provide a framework for analyzing chemical bonding irmonomer HXeY, which means that the interaction between Xe
terms of familiar concepts, such as Lewis structures, resmma and Y atoms is stronger in monomers than in corresponding
and donor-acceptor interactions. Herein, we use NBO/NRTcomplexes. It is worthwhile noting that the calculatB®d xe
methods to analyze H-Xe bonding. Besides, the NBOview 21@anges from 1.644 to 1.708 A, slightly larger than the cotale

module was acquired to obtain the orbital overlap graphics. limits Reov[ I cov(H) Creov(Xe)] for 1.63 A and signi cantly shorter
than VAW limits Rygu[fvaw(H) Crvaw(Xe)] for 3.86 A Pyykko,

RESULTS AND DISCUSSIONS 2015; Rahm et al., 20)L6This indicates strong covalency of the
H-Xe bond.

Geometry and Blue Shifts On the other hand, the complexation leads to experimentally

In general, four structures need to be considered for each afbservable blue shifts of the H-Xe stretching frequencyiclwvh
the complexes HXeYHX (Y D CI, Br, I; XD OH, CI, Br, seems to be normal phenomena according to Khriachtchev's
I, CN, CCH). Take HXeY HCI, as shown inFigure 1, as one group studies. The calculated and experimental vibrational
representative example. In the rst two structures (A and B)frequency shifts of the H-Xe stretching mode are also
the HCI moiety is closed to the halogen atom of the monomeicollected in Table S1 Taking hydrogen-bonded complexes
HXeY to form a bent structure. Structure A is stabilized withHXeCl H20, HXeBr H,O and HXel H,O as one example
the CI-H Y hydrogen bond, whereas Structure B is dependengroup, calculations at the MP2 level predict blue shifts of
on the Xe-Y CI halogen bond. Structure C, whose halogerl01, 116, and 139 cm, respectively. The experimental data
atom in the moiety is collinear with the monomer HXeY, isare 82, 101, and 138 crh respectively. Obviously, the
formed by the CI atom interacting with the H atom. Structure calculated complexation-induced spectroscopic shift of the H-
D is stabilized with the dihydrogen CI-H H-Xe bond with all ~ Xe stretching mode at the MP2 level is in qualitative agreegmen
atoms in line. Experimentally, it has been observed thatrs¢ve with the experimental values. These preliminary structurad a
infrared absorption bands originate from the H-Xe stretapin blue-shifted analyses provide the backdrop for the following
mode for our chosen complexes. With the aid of quantumexploration of H-Xe bonding for Xe hydrides.
chemical calculations, they are assigned to Structureigngll
etal., 2008; Tsuge et al., 2013, 2014; Zhu et al.) 2Thérefore, H-Xe Resonance Bonding in HXeY
the following analyses are restricted to Structure A. Earlier studies have found that the NBO/NRT method is a
As shown in Structure A inFigure 1, HXeY maintains its helpful tool to explore the resonance bonding because NBO
original linear structure for all the HXeYHX (Y D CI, Br, analyses can provide the best Natural Lewis Structure (NLS),
I; X D OH, CI, Br, I, CN, CCH) optimized geometry. At the identify donor-acceptor orbital interactions, and estimates
MP2/def2-TZVPPD level, the calculated H-Xe and Xe-Y bondsecond-order perturbation energf®)] of each donor-acceptor
lengths Ry xe, Rxe v) and vibrational frequency shifts of H-Xe orbital interaction Glendening et al., 2013a,b; Weinhold, 2013;
stretching mode in complexes HXeYHX (Y D CI, Br, I; XD OH,  Weinhold et al., 2016
Cl, Br, I, CN, CCH) as well as in monomers HXeY are collected Our studies begin with NBO/NRT analyses for HXeY species.
in Table Sland compared with the available experimental dataThe results show that each of the studied HXeY could be better
Note that Rasanen's group has compufRd xe and Rxe v as described as a hybrid of the three structures (l,1l,and B
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+ - - o B
0 » OO > @0
resonance structure | resonance structure [ resonance structure [I]

FIGURE 2 | Three resonance structures for HXeY. A pair of dots represés a lone pair.

N 0* 1 xe NH—0*xe i Nxe—>0*H.cl

FIGURE 3 | NBO orbital contour diagrams and 3-D surface views of donoacceptor interactions for HXeCl.

shown in Figure 2, where the H-X&:Y (1) is the best NLS. orbital overlap contour diagrams or 3-D surface vieWigure 3
Table S2lists three types of donor-acceptor interactions andpresents one illustrative example. These results are consistent
the value of the second-order perturbation energie&)] of  with our previous studies for HXeY noble-gas hydrides{\Cl,

the studied HXeY. For the best NLS HX#& (1), the donor-  Br, I) at the B3LYP level of theory (iang et al., 2096

acceptor interaction (p ! sy o) takes place between the  Once again, the importance of resonance bonding H-Xe
lone pair orbital of Y (i) and the antibonding orbital of H-Xe Y $ H Xe©-Y is emphasized. On the one hand, resonance
moiety Sy xo). Pay particular attention to such a delocalizationbonding is an essential feature of H-Xe bonding in HXeY. On
interaction. It represents resonance mixing between K-Xe  the other hand, we note that earlier studies on the bonding of
(1) and H: Xe®-Y (lI), where the latter corresponds to the lone noble-gas hydrides have already analyzed the leading aesen
pair of H atom (ny) delocalizing to the antibonding orbital of structure H-X& Y (Pérez-Peralta et al., 2009; Juarez et al.,
Xe-Y moiety 6y, v). As proposed by Weinhold et al., these two201). In the next section, we will carry out detailed analyses on
structures make up resonance bonding. Additionally, thera H XeC-Y, aswellas H-Xe Y .

non-negligible long-bonding structure ‘Hr (111), shown in the

nal entry in Figure 2 It arises from the delocalization of Xe H-Xe Bond in HXeY Is Not a Classical

atom lone pair (ixe) to the antibonding orbital of H-Y moiety Coyalent Bond

(Sy v). Special attention is paid to the unusual valuess#  ixoy is a particularly simple and interesting molecule. Its

fornxe ! sy yandny ! Sy y interactions. Such results 1y_ye sretching modes provide experimental probes to learn

show that they are no longer suitable for the description ofsre ahout the bonding of noble-gas hydrides. It was reported
low-order perturbative NLS limit. Even in the unavailabldu&  ihat the H-Xe stretching vibration frequencies of HXeY

of some second-order perturbation energies, the importarfce Qpecies are blue shifts upon complexation. In this section,
these three donor-acceptor interactions can be exhibitethBy e il explore the H-Xe bonding via this complexation
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e ect, combining with quantitative NRT analyses on chosernrABLE 1 | The weighting and its change of three resonance structuresH-Xe®
hydrogen-bonded complexedable 1 displays the weighting :Y . H: XY, H"Y) upon HXeY complexation with
of three resonance structures upon complexation for Xé—IZO/HCI/HBr/HI/HCN/HCCH, compared with the monomer HXeY.

cases. Obviously, the moiety,8/HCI/HBr/HI/HCN/HCCH Monomers/complexes & & & sum
complexing with HXeY has a signi cant inuence on the
weighting of three resonance structures for HXeY. To beiXeCl 74.3% 10.9% 14.9% 100.1%
speci ¢, for the long-bonding structureV(einhold et al., 2016; HXeCl H,0 70.3% 16.4% 12.7% 99.4%
Zhang et al., 2017h, 20)8its weighting always decreases (40%)  (C55%)  ( 22%)
upon complexation. This indicates that the complexation ofiXeCl HCl 71.8% 15.6% 12.2% 99.6%
the moiety HO/HCI/HBI/HI/HCN/HCCH studied here is not (25%)  (Car%)  ( 27%)
bene cial to the stability of long-bonding in HXeY. For twareer ~ "*€C! HEr 72.3% 15.3% 12.0% 99.6%
resonance structures, ti8e decreases whilg), increases relative ( 2.0%) (Caa%)  ( 29%)

HXeCl HI 72.0% 15.4% 12.1% 99.5%

to the corresponding monomer in studied hydrogen-bonded

(23%)  (C45%) ( 2.8%)
complexes except for the complex HXeGHCCH. For example, v ¢ nen 60.9% 16.9% 13.1% 99.8%
the weightings of H-Xe:l and H: Xe®-I in the hydrogen- (44%)  (©C60%)  ( 1.8%)
bonded Complex HXel HI are 62.8 and 19.2%, Compared with HXeCl HCCH 76.1% 9.7% 13.8% 99.6%
66.4 and 9.5% in the monomer HXel. In contrast, the complex (C1.8%) (12%) ( 1.1%)
HXeCl HCCH shows a dierent trend. As it is easily seen,HxeBr 71.3% 11.6% 17.1% 100.0%
the weightings of H-X&:Cl and H: XeC-Cl structures in the  HxeBr H,0 67.0% 17.8% 14.6% 99.4%
monomer HXeCl are 74.3 and 10.9% respectively; in the complex (43%  (C62%)  ( 2.5%)
HXeCl HCCH they are 76.1 and 9.7%, respectively. In short;iXeBr HCI 68.2% 17.2% 14.3% 99.7%
for all of our studied complexes, the HXeY complexation with (31%)  (©56%)  ( 28%)
small molecules always leads to a decrease of the weightingy a HXeBr HBr 68.7% 16.8% 13.9% 99.4%

(26%)  (C52%) ( 3.2%)

the long-bonding structure. For weightings of these twoesth
JHiXeBr HI 68.4% 17.0% 14.1% 99.5%

resonance structures, one structure always shows a dewea

: S . : 2.9% C5.4% 3.0%

trend while the other exhibits an increasing trend for all of ( R R R
. . HXeBr HCN 66.4% 18.2% 15.0% 99.6%

the studied complexes. In most of the Xe cases studied here, (49%)  (C66%)  ( 2.1%)
the complexation results in an increasing _vve|ght_|ng_of th€ wepr HecH 64.3% 19.4% 16.0% 99.7%

resonance structure H-¥eCl , with a decreasing weighting of (70%)  (C7.8%)  ( 11%)
the resonance structure H:Xe®-Cl. In HXeCl HCCH the pxel 66.4% 9.5% 24.1% 100.0%
situation is di erent. An opposite trend is seen for the compleXyxes n,0 61.6% 20.3% 18.1% 100.0%

HXeCl HCCH. From preliminary NBO analyses on our studied ( 4.8%) (C10.8%) ( 6.0%)
complexes, peculiarities in HCCH complexes shown here, iAxel Hcl 62.5% 17.1% 20.0% 99.6%

Tables 13, and Figure 4, may be due to Re() ! Pec ¢ (3.9%)  (C7.6%)  ( 41%)
donor-acceptor interaction. HXel HBr 63.1% 19.2% 17.2% 99.5%

Table 2 lists natural bond orders of the H-Xe and H (3.3%)  (C9.7%)  ( 6.9%)
bonds in the monomer HXeY and its complex. It is worthwhile #xe! HI 62.8% 19.2% 17.3% 99.3%

noting that the weighting and the corresponding bond order ( 36%)  (Co.T%)  ( 6.8%)

. . . . 0, 0, 0, 0,
are equivalent for our studied cases in NBO/NRT framework jftxel HCN (Gé'go//z) (023638/;)) (12%)0//‘:) 99.8%
the former is expressed as a fraction rather than a percentage, ., 50.0% 1 6% 19.3% 99.9%

For instance, 'the weightings of the H-X&€| in the monomer (74%) (©C121%)  ( 4.8%)
HXeCl and in the complex HXeCIHCI are 74.3% and
71.8%. with Corresponding bond ordbn X 0.743 and 0.718 Note that the &) in this table represents the sum of the weightings for the structures

’ . e . ’ ’ closely related with the best NLS H-X& :Y . Taking HXeCl HI complex as one example,
respectlvgly. Generally, the larger the bond order is, trangter resonance structures H-X& :Cl  HI, H-Xé&® CI-H:I, and H-Xe® CI" | were considered.
the bond is. The data obtained from current NBO programs ShoWiso note that the sum in this table is a maximum of 100%. The error in 100.1% is due to
the decrease of H-Xe bond orders, re ecting the Weakeningg{_ the weightings 74.3, 10.9, 14.9% of the resonance structures (H-Xe :Cl , H: Xe°-Cl,
bonds upon complexation. Obviously, these calculated resilt H © ™ HXeCl. where they are from 74.28, 10.85, 14.87%.
not re ect the experimental fact: the strengthened H-Xe bond o .
This disagreement con rms that the H-Xe bond in HXeY is not ain the H-Xe bond. It is insu cient to re ect the real strength
classical covalent bond. between H and Xe in HXeY.

This conclusion deserves some illustration. Accordingh®e t )
natural bond orders' de nition {Veinhold and Landis, 2003a H-Xe Bond in HXeY Is a CS Bond
the H-Xe bond in HXeY is regarded as a classical covalent bondhe above studies on the H-Xe bond in HXeY con rm that it is
The resonance structure H:Xe®-Y does not contribute to the not a classical covalent bond. Then, is it a CS bond? To asldres
H-Xe bond order at all. The H-Xe bond order is only contribdte this question, we rst need to solve the problem of the H-Xe
to by the resonance structure H-XeY . Thus, the H-Xe bond bond order. Let us return to the original NBO/NRT theory. In
order inTable 2re ects merely the electron-sharing contribution the framework of NRT theon{/einhold and Landis, 200%zhe
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FIGURE 4 | Correlation plot for the sum of electron-sharing and dativél-Xe/Kr bond orders by xer (electron-sharing)C by xex: (dative)]-H-Xe/Kr bond lengths
(RH xer)-

H-Xe total bond strength in HXeY could be written in reson@ac  NBO/NRT language. Consideration of the antibond of théXe
averaged form D(H-Xep & x Dy C & x Dy, where &;” and Y could lead to extension of the elementary Lewis structure
“&)” respectively correspond to the weighting of HX¥ and concept to include hyperconjugative delocalization coiiets
H: XeC-Y; “D,” and “Dy” represent the H-Xe bond strength in simple NBO perturbative estimatesVginhold, 201). Such
in H-Xe® Y and in H: XeC-Y respectively. As we know, a hyperconjugative delocalization forms one starting point for
bond order is roughly proportional to the bond strength or the our understanding of bonding about the H:Xe®-Y structure.
bond length. If introducing two arbitrary constants is presed  As shown inFigure 3, one donor-acceptor interactionin !
to be expressed in terms of the same factor k, @d D Sy, v exists in the H: Xe©-Y structure. On the basis of
can be written in the form, P D k x by and Dy D k x by.  this result, we propose that the H-Xe bonding about the
Importantly, we obtain thab(H-Xe) D & x by C & x by, where structure H: Xe©-Y is attributed to this donor-acceptor
by represents the H-Xe bond order in resonance structure |, amteraction. In our familiar language, it is dative bondidge to
we know,by D 1; by refers to the H-Xe bond order in resonance hyperconjunctive interaction.
structure Il. Therefore, a calculation that includes twsaaance However, the question was still left open: How do we estimate
structures is needed to deal with the H-Xe bond order. No& th the degree of this H-Xe dative covalency? For this question,
the procedure employed to calculate the H-Xe CS bond ordesur research ideas are from the natural bond orders' deaniti
can be found inSupplementary Material“Explanation of the proposed byWeinhold and Landis (2005b)if such a single
Procedure Employed to Calculate the BO of the H-Xe Bond.” dative bond orderby is de ned as 1, the NRT bond order
To obtain by, we have to carry out some analysesof the dative structure is equal to the corresponding frawtio
on H: XeC-Y. For this structure, where does the H- weighting. Taking HXeCl as one illustrative example, thewdati
Xe bonding originate from? Here we emphasize that theveightings of monomer HXeCl and hydrogen-bonded complex
H: Xe°-Y structure is a natural Lewis structure, in the HXeCl HCI are 10.9 and 14.6%, respectively. This simple
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TABLE 2 | The bond orders p) of H-Xe and H Y bonds for the monomer and TABLE 3 | The H-Xe bond orders:by xe (electron-sharing) by xe (dative), and
their hydrogen-bonded complex, with the changes shown in peentheses. the total by xe (electron-sharing)C by xe (dative)], for the monomer and their
hydrogen-bonded complex, with the changes shown in parenteses.
Monomers/complexes bH xe by v
Monomers/complexes bh xe bH xe by xe
HXeCl 0.743 0.149 (electron-sharing) (dative) (total)
HXeCl H,0 0.705 ( 0.038) 0.127 ( 0.022)
HXeCl HCI 0.718 ( 0.025) 0.122 ( 0.027) Hxecl 0.743 0.109 0.852
HXeCl H,O 0.705 ( 0.038) 0.164 0.869
HXeCl HB 723 ( 0.02 .120 ( 0.02
eCl HBr 0.723 ( 0.020) 0.120 ( 0.029) (C0.055) €0.017)
HXeCl HI 0.720( 0.023) 0121 (0.028) et Hel 0.718 ( 0.025) 0.156 0.874
HXeCl HCN 0.701 ( 0.042) 0.131 ( 0.018) (€0.047) (0.022)
HXeCl HCCH 0.764 (C0.021) 0.138( 0.011)  pxeCl HBr 0.723 ( 0.020) 0.153 0.876
HXeBr 0.713 0.171 (C0.044) (C0.024)
HXeBr H,0 0.675 ( 0.038) 0.146 ( 0.025)  HXeCl HI 0.720 ( 0.023) 0.154 0.874
HXeBr HCI 0.682 ( 0.031) 0.143 ( 0.028) (C0.045) (C0.022)
HXeBr HBr 0.687 ( 0.026) 0.140 ( 0.031) HXeCl HCN 0.701 ( 0.042) 0.169 0.870
HXeBr HI 0.684 ( 0.029) 0.141 ( 0.030) (C0.060) (€0.018)
HxeBr HCN 0.668 ( 0.045) 0150( 0.021)  HXeCl HCCH 0.764 (C0.021) 0.097 0.861
( 0.012) (C0.009)
HXeBr HCCH 0.646 ( 0.067) 0.159 ( 0.012)
HXeBr 0.713 0.116 0.829
HXel 0.664 0.241
HXeBr H,O 0.675 ( 0.038) 0.178 0.853
HXel H,O 0.616 ( 0.048) 0.181 ( 0.060) (€0.062) (€0.024)
HXel HCI 0.625 ( 0.039) 0200 ( 0.041)  xemr HCI 0.682 ( 0.031) 0.172 0.854
HXel HBr 0.631 ( 0.033) 0.172 ( 0.069) (C0.056) (C0.025)
HXel HI 0.628 ( 0.036) 0.173 (0.068)  HXeBr HBr 0.687 ( 0.026) 0.168 0.855
HXel HCN 0.616 ( 0.048) 0.181 ( 0.060) (C0.052) (C0.026)
HXel HCCH 0.591 ( 0.073) 0.193 ( 0.048) HXeBr HI 0.684 ( 0.029) 0.170 0.854
(C0.054) (C0.025)
HXeBr HCN 0.668 ( 0.045) 0.182 0.850
(C0.066) (C0.021)
method lets us respectively estimate the dative bond or@et89  HxeBr HccH 0.646 ( 0.067) 0.194 0.840
and 0.146. (C0.078) (C0.011)
The above discussion is an e ort to rationalibg. We now  HXel 0.664 0.095 0.759
begin a discussion with a sum &x b, and & x by. For  Hxel H,0 0.616 ( 0.048) 0.203 0.819
convenience, we ud®y xe (electron-sharingD & x by, by xe (C0.108) (C0.060)
(dative)D & x by . As shown in NRT theory, itisasum bf; xe HXel HCI 0.625 (1 0.039) 0.171 0.796
(dative) andby xe (electron-sharing) that can re ect the H-Xe (C0.076)  (C0.037)
total strength in HXeYFigure 4shows correlation plots between H*e! HBr 0.631 ( 0.033) (0061557) (c06802§4)
the H-Xe bond orderlpy xe (dative)C by xe (electron-sharing) ) )

. ; HXel HI 0.628 ( 0.036) 0.192 0.820
and the H-Xe bond lengtiRy xe for our studied Xe species. (€0.097) (€0.061)
One addltlonal_ example is _als_o shownHigure 4for l_(r analog_s. xel HCN 0.616 ( 0.048) 0.203 0.819
Good correlation shown inFigure 4 for our studied species (C0.108) (C0.060)
except YD |, provides evidence to support our estimated methodxe| HecH 0.591 ( 0.073) 0.216 0.807
Not enough good correlation in © | case may be due to a larger (C0.121) (C0.048)

coupling e ect betweeny! oy y.inHXeYandny ! oy
in its H-bonding complex.

On the basis of the data of the H-Xe bond order, we carcomplexing with the small molecule leads to anincrease of the H
analyze the H-Xe total bonding of HXeY. From preceding NRTXe bond order. In other words, it is an enhancement of the H-Xe
analyses, we have shown that the electron-sharing bond®rdebond. Such a result is consistent with experimental obs@wat
[by xe (electron-sharing)] in the monomer and in the complex about our studied cases.
are 0.743 and 0.718, respectively, and 0.109 and 0.146 for thelt becomes clear that the bonding between H and Xe in HXeY
dative bond orders ljy xe (dative)]. Thus, summingoy xe  must meet two conditions. First, the resonance bonding leetv
(dative) toby xe (electron-sharing) yields 0.852 and 0.864 forH Xe“-Y and H-X& Y is a necessary condition. Second,
the HXeCl monomer and the HXeCIHCI complex, respectively. for the H-Xe bond order, including contribution of these two
Obviously, the HXeCl complexing with the molecule HCI leadsesonance structures is essential. These two conditiogsimar
to an increase of the H-Xe bond order. The same is true foe ect, consistent with emphases in original CS bonding concept
other complexes studied hefEble 3lists the total bond order of paper Ghaik et al., 1992The mixed covalent-ionic description,
the H-Xe bond in HXeY and in its hydrogen-bonded complexessuch as F F$ F FC, is an essential feature of CS bonding,
Note that it includes dative contribution and electron-simy  wherein most, if not the entire, bond energy is provided by the
contribution of H-Xe bonding. As shown iTable 3 the HXeY covalent-ionic resonance energy. And both the covalentianid
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structures must be treated explicitly and on an equal foating Our conclusions are (1) the H-Xe bond in HXeY is a charge-
Thus, we conclude that the H-Xe bond in HXeY is a chargeshift bond. (2) The H-Xe blue shift in its hydrogen-complexes
shift bond. its CS bonding character in IR spectroscopy.

It should be noted, however, that neither the H-Xe bond The rst conclusion is consistent with ab initio VB methods'
length nor its bond strength can be reliable probes for adslres  insight into the F-Xe CS bonding in XeKBraida and Hiberty,
the question on whether the bond between H and Xe in HXeY2013. But we note a little di erence in the understanding of
should be classi ed as a CS bond or a classical covalent bond. CS bonding mechanism. We stress the point that the H-Xe CS

. bonding is due to the resonance between HeXe and H:

H-Xe CS Bonding Character X€eC-1, based on the natural Lewis structures' concept, whereas
Now that the H-Xe bond in HXeY is a charge-shift bond, ashajk et al. (1992hink that CS bonding is due to strong mixing
new and unique form bonding, one question which arises igetween the covalent structure and the ionic structuregdamn
whether the unusual H-Xe blue shift is its CS bonding chaact Pau”ng_type Lewis structures' COﬂCGptS.
in IR spectroscopy. Finally, we want to point out that H-Xe CS bonding

Deep analyses on the data iflable 3 show that the s signicantly dierent from some two-structure resonance
complexation leads to an increasebpf xe (dative) whileby xe  bonding, such as hydrogen-bonding, although there is a fdrm
(electron-sharing) decreases, for most Xe cases. The ctimpet resemblance in their resonance description. We have noticed
of these two opposite factors results in the strengthened Hhat the bond order of hydrogen-bonding in literatureligo
Xe bonds, corresponding to the blue shifts. Here, we want tand weinhold, 201pis only considered a contribution from
point out that unlike other Xe complexes, the HXeCHCCH  one resonance structure: the other does not contribute tacho
complex shows a dierence in the dominant factor. It is theorders of hydrogen-bonding at all. Why is CS bonding not
eleCtron-Sharing factor that dominates the H-Xe frequdﬂiﬁs. important in hydrogen_bonding? More studies are on the way
The overall e ect of two opposing factors is still an enhancementg answer such a question and to generalize CS bonding models.
of the H-Xe bond and a blue shift for the H-Xe stretching\ve believe that more surprise will be gained via NBO/NRT
frequency. These analyses re ect that the monomer-to-cempl methods, in particular, new-type NBO-based NRT methods

blue shifts of H-Xe Stretching modes for HXeY SpeCieS Shoulan ana|yses for |arger CS bonding Spec'@@(]dening et a|_,
be attributed to the balance of dative and electron-sharingp19.

covalency in H-Xe bonds, corresponding to FKe®-Y and H-
XeC Y resonance structures. In brief, the H-Xe frequent shit ATA AVAILABILITY STATEMENT
in HXeY HO/HCI/HBr/HI/HCCH/HCN hydrogen-bonded
complexes is controlled by a balance of two factors acting iffthe raw data supporting the conclusions of this article will be
opposite directions. made available by the authors, without undue reservatioany
All in all, blue shifts of H-Xe vibrational frequencies are quali ed researcher.
controlled by a balance of two opposing factors for dative
and electron-sharing covalency. The blue shift in our stadi AUTHOR CONTRIBUTIONS
complexes can be seen as a normal spectroscopic phenomenon. It
is natural for us to conclude that the H-Xe blue shiftis thex¢- GZ, CS, and DC made contributions to the design of the

CS bonding character in IR spectroscopy. study. YS, XZ, JS and LF performed the calculations. GZ
and YS wrote the draft of the manuscript. All the authors
SUMMARY AND CONCLUSIONS contributed to the manuscript revision, read and approved the

submitted version.

The H-Xe bonding in HXeY has been a debated question in the

chemical community. The usual answer is that it is classical FUNDING

covalent in character, or to be exact, it is electron-shgrihhe

unusual blue shifts of complexes HXe¥X (Y D Cl, Br, I;  This work was supported by the Natural Science Foundation of
X D OH, CI, Br, I, CN, CCH) de nitely re ect the unusual Shandong Province (No. ZR2015BM025).
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