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CCSD, CCSD(T), MP2, CAM-B3LYP and WB97XD calculations wemmployed to disclose the
conceivable existence of new noble gas molecul&sOXl (X = F, Cl, Br and 1). The calculations were
used to present the optimized geometries, vibratiomodes, molecular properties, thermodynamic and

10 Kinetic stabilities and atomic descriptions of #mesolecules. IKrOH and BrKrOH molecules showed
two X- and KrOH parts, while in FKrOH and CIKrOH, they could be sgated as XKrand OH. Two
decomposition routes (two-body and three-body) wamm@posed, showing high exothermic reactions
especially for the two-body decomposition. Howetkeir decomposition rate constants were small and
all molecules had high kinetic stabilities. Compgrielative stabilities and using heats of formagiand

15 isodesmic reactions showed that the FKrOH and IKr@déte the most stable and the least stable
structures, respectively. Moreover, natural boruitar (NBO) calculations were used to obtain atomic
charges, hybridizations and intermolecular intéoast via second-order perturbation energies and the
bonding properties of XKrOH molecules were studigdatom in molecule (AIM) calculations. Both of
these calculations confirmed the nature of thecigairts of the molecules and presented a clearrpicdf

20 their bonding properties. The reactivity parametass obtained from population analyses, also showed
that the reactivities were increased and stalslittere decreased from FKrOH to IKrOH.

such as (HKrX¥>? KrF,? KrF,?” and FKrCk, FKrSiR, and

Introduction FKrGeR,?® These primary studies have suggested that rec!
chemical bonds, rather than simple van der Waal'sek, were
possible for noble gas atorfisOne of the older known krypton

so containing compounds is HKrCN, which has been studiging
both computational and experimental methbtsaddition, some
researchers characterized the first “organokryptorlecules,
HKrCCH and HKrGH, by both computational and experimental
methods®3! Most of these reported works have shown the

s5 stability of molecules containing krypton. Althougbme krypton
containing compounds have been prepared succegss$allation,
preparation and study of new compounds in thisgoate by
experimental methods is difficult. Therefore, congional
techniques were mostly used to study these, edlyedia

so unknown molecules. By using theoretical methods,bireding,
formation, stability and properties of these commisicould be
anticipated®®*® For example, the insertion of krypton into watet
to form HKrOH was first predicted theoreticafy.This study
also determined the two-body dissociation way off@BIK to Kr

es and HO with a barrier of about 0.52 eV. It was laterriduhat
the three-body dissociation to H + Kr + OH with arter of
about 0.15 eV was lower than that of the previeyort®

. o . : "N One possible way for the reaction of noble gasehdsnsertion
making stable molecules. This is due to the diffeeein the of them into hypohalous acid¥In one way, this insertion can

ionization potentials of krypton (14.00 eV) and @Bn(12.13 -0 produce H-Ng-OX. In this line, HXeOX and HKrOX® have
s €V).# However, many krypton compounds have been studiedp

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1

The noble (or rare) gases, discovered in the 1B9@amsay and
co-workers, were for a long time assumed to be atain
25 inactive. In 1962, Bartlett synthesized “R¢R;”, the first stable
noble gas compound, and proved that rare gasesedderbe less

inert than what it was suggestedSince then, numerous
compounds consisting of noble gases have been rprezand
structurally characterized® Now, our knowledge of the bonding

30 and properties of the noble gases has significdrggn expanded
and a large number of studies have been reportddsimrea. For
example, a noble gase can make bond with anotHgle @<
proton! sulfur® seleniunf mercury® gold'® and oethr atom¥:*®
The most important issue for noble gas compoundsléed to

s their stabilities. Based on the fundamentals of éeeyi® and the
fact that the valence layer of the noble gasesilisof electrons
(their octet is complete), they do not tend to ipgrate in
bonding with other atoms to make molecules. Howeweble
gases with a larger atomic number, such as xendrkiampton®’

40 have more remarkable tendencies to participatbémical bonds
because they have less ionization potential thanother noble
gases®? In this line, krypton is less famous than xenon i
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been studiedheoretically, proposing that theimolecules are
stable. However, no report on the insertion of kopp in
hypohalous acids in another way tooguce XKrOH has bee
observed while the preparations and stabilitiedH&fCI?® and
s HKrOX®" have been reported. These reports have showr
krypton can make covalent bonds with haloger-X bond) and
oxygen (KrO bond) to produce stable molecu®**° Therefore,
it is possible to gather these two bonds in wéecule and mak
XKrOH. In addition, we have recentlyeported a theoretic.
10 study of XXeOH as a xenon analog of this mole®! Therefore,
we continued our attempts in theoretical chemi*?** to study
the structure, bonding, stability and other prapsrof XKrOH sc
that it would give us important information on ktgp
compounds and expand our knowledge of krypton céteyn
In the present work, first, we found the bonding amleculal
properties of XKrOH such as optimized structuraigpaeters an
vibrational frequencies. Then, more information watbahe
bonding properties, hybridizations and atomic charganc
second order perturbation energies was found u$BO
20 calculations. Finayl, the energy profiles of the decomposit
way for XKrOH and heats of formation and relatstabilities, as
obtained from isodesmiaeactions, were derived from t
calculations. The following sections will discubg tresult:

15

M ethods

2s Gaussian 09 program pack&yevas used to optimize tt
structure of XKrOH molecules andalculate the molecul:
properties. Calculations were carried out using idefisnctional
theory’®*” (DFT, two CAM-B3LYP® and WB97X[* methods
have been used), Moller-Plesset the¢MP2)*° and coupled

a0 cluster theory (CCSB) in combination with -311++G**®2 and
Aug-CC-PVTZ® basis sets for all atoms except iodirFor
iodine, an effective core potential (ECP) basis (k&NL2DZ)
was used. In addition, to obtain correct barrieergies and
stability values, all energy values were correcusing the results

molecult J‘\JE" ‘_77’3\‘

es of CCSD(T)/Aug-CCPVTZ single point calculations.The
absence of imaginary frequency verified ttthe structure was
true minima at its respective levels of theory. Btricture f
transition states was optimized by applying ScHis
synchronous-transit-guided quasgwton (QST3) method, whic
7o was started from the fully optimized structure of XKrO&hd
finished on the fully optimized structure of protiic The
transition states &re confirmed by frequency calculatio
Additionally, intrinsic reaction coordinate (IRC) calations
proved that each reaction linked the correct prtxlwdgth the
75 reactants. Rate constants were calculated by caalanémsition
state theory using Eyrij equatio.>* The results of frequency
calculations were used after applying an appropristaling
factor®® NBO analysis of all structures was done using I°®
program as implemented in the Gaussian programagackNBO
g0 calculations are known asseful tools to calculate molecu
properties such as atomic charges, atomic hybtidiza andthe
interactions between orbitals (sec-order perturbation energies)
with high precision. AIM analyses were performedings
AIM2000 progrant’ NBO has preseted useful information on
ss intermolecular interactions and characterizatiomafids throug!
the analysis of electron den<®® Both NBO and AIM
calculations have been performed using CCSD caloulsi
Atomization energy methtiwas usedn the calculation oAH%
and AG% for XKrOH at all theory levels; also, isodesn
o reaction&® were used to estimate the relative stabilities
XKrOH when the halogen atom was changed. To exartiie
reactivities, the chemical potentigh)( chemical hardness)),
global softness (S) and electrophilicity indeX were calculated
as defined in equations 1-dccording to Koopman'’s theor.®%%3

pu= (ELUMO+EHOMO)/2 (Eq. 1)
n= (ELUMO-EHOMO)/2 (Eq. 2)
S=1/m (Eq. 3)
®=p2/2n (Eq. 4)
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Fig. 1 Graphical representation of tptimized structures for XKrOH moleculand their transition states for decomposition iieastextracted fror

70 CCSD/Aug-CC-PVTZ calculations

Results and discussion
Structural parameters

After the optimization of all XKrOH (X=F, ClI, Br, I) structure
their structures, agptimized without any symmetry restriction
75 pre-defined conformational structures, ah®wn in Fig. 1, alon

with the optimized structures of transition ss to be discussed
in the next section. In addition, molecular partere such ¢
bond lengths, bond angles and dihedral (torsiorgles were
obtained from these optimized structi.. The results are listed in
s Table 1 for molecules and transition ste
As shown in Table 1, all molecules were nearly atanith X-
Kr-O-H dihedral antg being almost 180.0 degrees. Th-Kr-O

2 | Journal Name, [year], [vol], 00—00
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angles were between 177.8-179.0 degrees, showimmdiribar
arrangement of atoms around krypton with small akbwn
(maximum 1.2 degrees). Kr-O-H angles were in themab
range, between 103.2-104.5 degrees. For O-H bamytHs, a few

s cases of increase could be observed from FKrOKIOH and
in all structures, it was between 0.963-0.944 Despite the
previous parameters, Kr-O bond lengths were affechy
changing halogen atom from 1.980in FKrOH to 2.049A in
IKrOH. It seems that by the increase of Kr-X bond (frorto )

10 the opposite Kr-O bond was increased. Kr-X bondytlenwas
increased from FKrOH to IKrOH, but the incrementueafor
IKrOH and BrKrOH was less than that of for CIKrOH.

Table 1 Optimized structural parameters for XKrOH, as otgd from

CCSD/AUG-CC-PVTZ calculations, and transition ssatef the
15 decomposition reactions, as obtained from MP2/AUGHR/TZ. Bond

lengths (R) are i\ and bond angles (A) and dihedral angles (D) are

degrees.

Molecule FKrOH CIKrOH  BrKrOH IKrOH
Kr-X 1.919 2.361 2.510 2.740
Kr-O 1.910 1.965 1.997 2.057
O-H 0.963 0.964 0.964 0.967

X-Kr-O 178.2 178.2 179.0 177.9
Kr-O-H 104.5 103.6 103.2 103.0
X-Kr-O-H 177.7 180.0 179.8 179.9
TS1 (for two-body decomposition)
Kr-X 2.299 2777 2912 3.380
Kr-O 1.812 1.831 1.853 1.730
O-H 0.985 0.988 0.988 1.054
X-Kr-O 106.3 105.0 103.2 110.3
Kr-O-H 97.3 96.9 96.3 107.5
X-Kr-O-H 0.0 0.0 0.0 1.7
TS2 (for three-body decomposition)
Kr-X 3.551 3.450 3.632 3.730
Kr-O 2.849 3.080 3.064 3.060
O-H 0.968 0.968 0.968 0.968
X-Kr-O 178.8 178.7 178.7 178.7
Kr-O-H 106.5 106.5 106.5 106.5
X-Kr-O-H 0.0 0.0 0.0 0.0

Energies and stabilities

20 Because some noble gases are normally unstabgejnitpiortant
to obtain information about their reactivities, atdte stabilities
and kinetic properties of their decompositions. #os purpose,
we first studied their thermodynamic stabilitiesodtained from
both formation energies (heats of formation and bGilbree

25 energies of formation) and isodesmic reacti§ns.

Both formation energies and relative stabilities evenportant
data for new structures. The heats of formation @itzbs free
energies of formation, which were calculated byrfowethods
(CCSD, CCSD(T), B3LYP and CAM-B3LYP) with AUG-CC-

2 PVTZ basis set using atomization energy mettiodyere

calculated. The results are listed in Table Siséwee space). The

B3LYP and WB97XD for FKrOH to BrKrOH were between
39.4-66.3 kcal/mol, 20.9-45.5 kcal/mol, 22.6-56¢xalkmol and
35 25.7-57.6  kcal/mol, respectively. The positive ‘ealu of
formation energies showed that these molecules reaidbeen
prepared automatically, but their values were righ fenough to
be synthesized. Based on the nature of these methaaEems
that the CCSD(T) methods could give more valuable.d&or
40 both AH% andAG%, the order of formation energies was found to
be as follows: FKrOH<CIKrOH<BrKrOH<IKrOH. The
formation energies of CIKrOH and BrKrOh were closeeach
other. It should be noticed that because theseaulele were not
isomers, a direct comparison between these valuss net so
s reliable. Based on these data, FKrOH could be peepanore
easily than CIKrOH and BrKrOH. In addition, the pregteon of
IKrOH was the most difficult among these molecules.
" Table 2 Relative stabilities of XKrOH compounds (in kcathh as

obtained from the isodesmic reaction (KrX 2 FKrOH — KrF, + 2
50 XKrOH)

O 0
X » = s s 0
SZZCUUJKZOOO
X w w © © 0o o o
2 @ o F F 8 8 ¢ ¢ 8
%%%UU v o9 4
oz 3z 3 0 T & Z
B e B ¢ B g B @ g
20 B 0 B o B O O
EA S T S A S S S S

< <

: 3 % 3 % 3 % 3 3
N N N N N
F 0o 0 O O O 0O 0 0 0

Cl 28 25 26 23 19 14 29 24 130
Br 43 42 40 39 24 23 42 41 145
| 65 53 63 50 % 02 -* 47 173

? no valuable data were obtained for these cases
"The single point energies were obtained from th&D() calculations and used to correct the
results of CCSD calculations

55 To have more sophisticated insights into the inadastability
of these structures (non-isomer compounds), we @ragl the
isodesmic reaction. This is a reaction in which thpe of
chemical bonds broken in the reactant is the sarbeatype of
bonds formed in the reaction proddtt’ This type of reaction is

0 Often used as a hypothetical reaction in thermodsteyn We
used equation 5 as an isodesmic reaction to cédctila relative
stabilities of molecules (versus FKrOH). The resualte listed in
Table 2.

KrX; + 2 FKrOH— KrF, + 2 XKrOH (Eq. 5)

es In this reaction, in the left side, two Kr-F andotKr-X (X is
Cl, Br and 1) bonds are broken and the same bond®ared in
the right side of the reaction. The enthalpy of theaction for
each halogen (other than F) showed the relativilisgaof the
produced molecule toward FKrOH. From our calculadiand in

o all levels of calculations, the relative stabiktieof XKrOH
molecules can be as follows: FKrOH>CIKrOH>BrKrOH
>|KrOH. These results confirmed previous data based
formation energies (reported in Table S1) and tkktive
stabilities of these molecules in all levels ofadhewere similar

75 to the relative formation energies. Therefore, frénto I, the

heats of formations calculated by CCSD, CCSD(T), CAM- giapility of XKrOH molecules was decreased probaégause

This journal is © The Royal Society of Chemistry [year]
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the efficiency and power of X-Kr bond were decrelase

Table 3 The kinetics and thermodynamics of decompositeactions of
XKrOH at two levels of theory (MP2/AUG-CC-PVTZ an@AM-
B3LYP/AUG-CC-PVTZ). All energy values are reportedkcal/mol and

5 the rate constants are reported in"Sec

a0 energy barriersXG?), equilibrium constants (Keq), rate constants
(k) and barrier energies (E+ZPE) for both decontmmsiroutes
have been calculated @cSD(T)/AUG-CC-PVTZMP2/AUG-CC-

PVTZ (MP2/AUG-CC-PVTZ optimization frequency

calculations followed and corrected by CCSD(T)/AUG-CC-

XKrOH — Kr + HOX

35 PVTZ single point calculations) and CAM-B3LYP/AUG-CC-
PVTZ levels of theory. The decomposition Gibbs feeergies in

CAM-B3LYP AG AG"  Keg (BEafz'gE) CAM-B3LYP calculations were between -50.68 to -84.69
FKIOH 5068 5122 141E+37 176E-25 5210 kcal/mol and in CCSD(T)/MP2 calcu!athns, between.02%0 -
86.93 kcal/mol. Therefore, by considering largeueal for all
CIKrOH  -74.88  42.81 7.76E+54  2.60E-19 43.79  , equilibrium constants, we can say that the produofs
BrKrOH  -78.08  40.54 1.72E+57 1.19E-17 41.67 decomposition were more stable than XKrOH. Thesa tias
IKrOH 8469 5706 1.19E+62 0.98E-30  57.66 been supported previously from the heats of foromati

Moreover, the increase in the value of equilibricomstant from
CCSD(T)/AUG-CC-PVTZ IMP2/AUG-CC-PVTZ FKrOH to IKrOH was observed, thereby showing thhe t
FKrOH -49.02  76.16 8.52E+35 9.22E-44 76.86 45 thermodynamic stability of these molecules was esed from F
CIKIOH  -70.19  70.03 2.80E+51 2 90E-39 7052 to I. According to our previous work on xenon, thigler can be
attributed to more electronegativity of fluorinerses iodine,
BrKiOH ~ -72.63 6523  1.74E+53 9.49E-36 6551 because by increasing the electronegativity of deloatoms
IKrOH -86.93  34.74 527E+63 2.11E-13  33.68 connected to krypton, the krypton electron pairsenabsorbed
XKrOH—Kr + X + OH so more powerfully and the electronic repulsions weegreased.
However, contrary to this low thermodynamic stapiliof
XKrOH, they had good kinetic stabilities at roommjgerature
because all rate constants were small. The valdiesnergy
barriers (by Gibbs free energy) for FKrOH, CIKrOH,KBOH
ssand IKrOH were, respectively, 51.22, 42.81, 40.541 &7.06
kcal/mol by CAM-B3LYP calculations and 76.16, 70.@%.23
and 34.74 kcal/mol by CCSD(T)/MP2 calculations. Timeans
that decompositions would be easier from FKrOH &QdDH.
Overall, all decomposition rates were small (ld&nt2.11E-13)
so and these compounds had good kinetic stabilities this
decomposition way.
In the three-body decomposition way (route 2 via2)T\G
values were remarkably larger than those in rowadLthis route
was less favorable than route 1 (by thermodynamata)d
» ) . o es However, the same order with route 1 was obsergedifferent
In addition to thermodynamic stabilities, it is portant to molecules. From FKrOH to IKrOH, th&G of the decomposition
study the kinetic stabilities of new compounds éesally for rare tended to more negative values. The decomposititibsGiree
gas molecules) to investigate their decompositieactions. energies for route 2 in CAM-B3LYP calculations wesdvzeen -
10 Based on the previous reports, two-body (XKrSHKr+HOX) 10.32 to -42.33 keal/mol and in CCSD(T)/MP2 calcaias
and three-body (XKrOH-Kr+H+OX) mechanisms were possible, oy yeen 9.78 to -26.04 kcal/mol. However, the kinelata
routes for the decomposition of these moleculeerdfore, we obtained from the two methods were meaningfulledént. The
examl.ned. both q§pomp03|tlon routes to evaluaterrtbdyna.mlc values of energy barriers (by Gibbs free energy) R&rOH,
and kinetic stabilities of XKrOH molecules. The emeprofiles CIKrOH, BrkrOH and IKrOH were, respectively, 90.57.62,
s for both routes were calculated carefully and tipprapriate 50.77 and 38.77 kcal/mol in CAM-B3LYP calculatiorsgher
transition _state_s were found and approved usirigtsiei methods 75 barriers than route 1) and 56.31, 35.94, 34.582an86 kcal/mol
(as described in the.method section). For .bo.th s energy in CCSD(T)/MP2 calculations (smaller barriers thamteol).
results are arranged in Table 3, and the optinspedtures of TS This means that by the kinetic data, the route 2 were
(transition states) are shown in Fig. 1. Molecylarameters of favourable than route 1 and from FKrOH to IKrOHe tharrier
20 these transition states are listed in Table 1 too. energy for the three-body decomposition was deetbas
In the two-body decomposition route, XKrOH was deposed | therefore, by the second route, in addition to rteetynamic
to Kr and HOX. A four-membered ring was obtained @s  giapijities, the kinetic stabilities of XKrOH molgles were
structure  of TS1 (transition states for the Wwo¥0d oq,ced from F to I. By considering all rate conttan both

decomposition). Each transition state had a platracture and routes, all decompositions had high barrier energied it could
z the values of Kr-O bond lengths and X- Kr-O anglesre o o5iqg that all other molecules had high kinetibidties.
decreased (versus the parent structures) to provépossibility

of the four-membered ring. However, O-H bond lesgihd Kr- @ Frequencies
O-H angles were not changed meaningfully. In TehléSibbs  tapie 4 presents the calculated harmonic vibratieguencies,
free energy differences between reactant and pted(®3),  force constants and IR intensities for XKrOH struetuat the

CAM-B3LYP  AG AG" K k

FKrOH -10.32 90.57 3.68E+07 2.52E-54 92.36
CIKrOH -29.82 58.62 7.25E+21 6.65E-31 60.10
BrKrOH -35.16 50.77 5.96E+25 3.79E-25  52.07
IKrOH -42.33 38.77 1.07E+31 2.38E-16  39.55
CCSD(T)/AUG-CC-PVTZ /IMP2/AUG-CC-PVTZ

FKrOH -9.78 56.31 1.48E+07 3.28E-29 57.63
CIKrOH -24.32 35.94 6.73E+17 2.83E-14 36.85
BrKrOH -26.90 3458 5.20E+19 2.80E-13 35.14
IKrOH -26.04 27.56 1.23E+19 3.88E-08  29.89

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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MP2, CAM-B3LYP and CCSD levels of theory. As shownthat
CCSD/Aug-CC-PVTZ calculations (the highest level cddty),
the harmonic X-Kr stretching frequencies for X=F, 8 and |
were 448, 292, 208 and 156 cm-1, respectively, shime as
s orders found in other levels. Obviously, F-Kr bohdd the
strongest modes (because it was the strongest boddhe value
of X-Kr stretching mode, its intensity and relatifiegce constant
was decreased from F to |. X-Kr bond had the |&gntensity
and force constant compared to other stretchinges@idr-O and
10 O-H). The O-H frequency values were in the rang868f6-3664

XKrOH,

Two in-plane and

This bond showed ordered values, with frequencyndei

decreased from FKrOH to IKrOH, the same as X-Kreordk can
20 be proposed that by the increase of helogen’sreleagativity in
the halogen atom attracted krypton nonbogdin

electrons, reduced the electron repulsion betweeand O and

increased the strength of Kr-O bond more efficientl

Another part of the vibrational mode consisted a@hnding
2s vibrations. All bending vibrations had smaller foegcies,

intensities and force constants compared to sirgjcbibrations.

out-of-plane modes for X-Kr-O bied

cmt and this bond had nearly the same frequency anmading vibrations were close to each other and both ofntfed less

XKrOH molecules. Surely, if we consider the rolehyfdrogen
bonding in this bond, the OH frequency can be d=mé. In
addition, the intensities of OH harmonic vibratigihetween 91
15 and 158) were higher than X-Kr and all bending nspdeit not

! and its angle was

frequencies and intensities than those of Kr-O-lHdiey. The
30 bending modes for X-Kr-O bond were in the rang& %232 cm

around 180 degrees while thdibgrof Kr-

O-H (their angles were around 103 degrees) wasshamnt their

more than Kr-O stretching mode. The Kr-O Stretching values were between 747 to 1066tm
frequencies had the most intensity among all vibna modes.

35 Table 4 MP2, CAM-B3LYP, and CCSD harmonic vibrational feemcies (in cm), IR intensities (the first value in parenthesasyl force constants
(the second value in parentheses) of XKrOH

NBO analyses

Atomic charges, atomic hybridizations (Table S2)d athe

CAM-B3LYP/Aug-CC-PVTZ FKrOH CIKrOH BrkKrOH IKrOH

in plane bending X-Kr-o 226 (11,0.3) 170 (5,0.2) 150 (3,0.1) 131 (3,0.1)
out of plane bending X-Kr-o 232 (10,0.5) 175 (4,0.3) 155 (2,0.1) 135 (1,0.1)
bending Kr-O-H 1066 (38,0.8) 999 (27,0.7) 968 (24,0.6) 894 (21,0.6)
Stretching X-Kr 471 (53,2.3) 297 (47,1.8) 213 (21,1.3) 174 (7,0.8)
Stretching Kr-O 560 (268,3) 477 (251,1.9) 447 (264,1.6) 409 (289,1.3)

Stretching O-H

3657 (107,9.1) 3659 (145,9.1) 3654 (157,9.1) 3663 (150,9.1)

MP2/Aug-CC-PVTZ

in plane bending X-Kr-o 205 (10,0.3) 127 (5,0.1) 87 (5,0) 17 (4,0)

out of plane bending X-Kr-o 217 (8,0.4) 143 (3,0.2) 110 (1,0.1) 72 (0,0)
bending Kr-O-H 984 (35,0.7) 898 (37,0.6) 854 (43,0.5) 747 (34,0.4)
Stretching X-Kr 456 (0,2) 301 (0,1.4) 213 (1,0.9) 160 (3,0.5)
Stretching Kr-O 572 (262,4.1) 483 (188,2.6) 460 (119,2.3) 463 (26,2.4)
Stretching O-H 3664 (91,9.3) 3654 (100,9.2) 3652 (97,9.2) 3657 (102,9.3)
CCSD/Aug-CC-PVTZ

in plane bending X-Kr-o 220 (11,0.3) 154 (5,0.2) 128 (4,0.1) 99 (3,0.1)
out of plane bending X-Kr-o 227 (10,0.5) 159 (3,0.2) 133 (2,0.1) 107 (0,0.1)
bending Kr-O-H 1047 (30,0.8) 977 (21,0.7) 941 (19,0.6) 853 (10,0.5)
Stretching X-Kr 448 (26,2.1) 292 (19,1.5) 208 (7,1) 156 (3,0.6)

Stretching Kr-O
Stretching O-H

543 (295,3.3)
3615 (95,9.3)

461 (242,2.1)

433 (205,1.8)
3608 (125,9.2) 3606 (132,9.2) 3611 (113,9.3)

421 (119,1.6)

The maximum positive charges were placed on kryptwhthen,
hydrogen in all molecules. Because krypton was tinke two

electronegative atoms, it had a greater positivargt than

interactions between different orbitals (seconceongerturbation s, hydrogen. Moreover, the negative charges of oxygesre

40 energies, Table 5) were important molecular prégethat could
be obtained from NBO calculation. In these tablesttie sake of
brevity, the results of NBO calculations were cdkek using
CCSD/AUG-CC-PVTZ level of theory to determine atomida
interatomic properties. NBO atomic charges listethinfirst part

4s of Table S2 showed that the maximum negative clsamere

placed on oxygen and then, halogens.

decreased for FKrOH and CIKrOH and increased for BiKr
and IKrOH and the positive charges for both kryptand
hydrogen were decreased from FKrOH to IKrOH becaofe
decreasing halogen’s electronegativity. It showdchbted that the
ss net charge placed on krypton was between 0.65891.f/om
FKrOH to IKrOH, thereby showing that by the increasf net
charge on krypton,

the stability of the moleculec(@ding to

This journal is © The Royal Society of Chemistry [year]
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Table 2) was increased. In other words, kryptomiéento make  For BrkrOH and IKrOH (that we have KrBrKrl* and OH), the
bonds with other atoms when other atoms had théiebly oxygen donated its electrons powerfully to Kr-1 aikd-Br
possible electronegativity to make krypton losses electron (in  antibonding orbital (301.12 kcal/mol for BrKrOH art4.75
the molecule). In this case, the electron confijonaaround so kcal/mol for IKrOH). Another interaction was donadi oxygen
s krypton was not octet (that was the reason for attonmake  lone pair to rydberg orbitals of krypton with ngathe same
bond) and it could be incorporated in bonds withthar atom. values for both molecules. These data showed th&at@1 had
NBO calculations also consisted of hybridizatiorkef O and the biggest interaction among all molecules becausmine was
H in two Kr-O and O-H bond for FKrOH and CIKrOH and placed in the same row of periodic table with koyptand their
hybridization of Kr, Br, I, O and H in two Kr—I, KBr and O-H ss orbitals (both having 5p orbitals) had the mostrfrinteractions.
wbond for IKrOH and BrKrOH. It is noteworthy that no After BrKrOH, IKrOH had strong interactions becauskthe
hybridization for Kr-X bond in FKrOH and CIKrOH angr-O large polarizability of iodine atom.
bond in IKrOH and BrKrOH has been reported, thereby .
confirming that the nature of Kr-X bond in FKrOH&RIKrOH QTAIM analysis
and Kr-O bond in BrkKrOH and IKrOH is ionic and thesiems  From the QTAIM Analyses, the (electronic density), the
isare connected via electrostatic interactions. Inr@# and eo Laplacian ofp ande values £ bond character) were calculated for
CIKrOH, krypton mostly used its p orbital (97.15%da®7.93%, three existing bonds in this molecule, Kr-O, Kr-XdaO-H
respectively) in its bond with O and the contribuatiof its orbital ~ (Table S3). Among these three bonds, O-H bonds thad
was 1.10% and 0.65%. maximum value op and Kr-X bonds had the minimum value of
Moreover, oxygen, iodine and bromine atoms usedriptad p. The electron density had a direct relation witte tbond
20 (between 90.95% and 97.38%) in their bonds witlptay while e Strength and an inverse relation with the bond tlenghis was
oxygen was nearly hybridized to®sim its bond with hydrogen. the reason for this order. The valuespoivere in the range of
This means that Kr-O, Kr-I and Kr-Br were so longntis that ~ 0.141-0.066 au for Kr-O bonds and 0.372-0.359 au GeH
atoms participating in this bond could not usertiseorbitals in ~ bonds. These values were decreased from FKrOH to@tkand
hybridization with p and the pure p orbitals papiéted in these  then increased from BrkrOH to IKrOH. However, thealues of
25 bonds. 70 Kr-X bonds (in the range of 0.085-0.037 au) wereréased from

Table 5 The second order intramoleculperturbation energies obtained FKIOH to IKrOH by decreasing the electronegativfyhalogen

from CCSD/Aug-CC-PVTZ calculations atoms. The Laplaf:ian af (¥?%) at critical poipts showed the
charge concentration between the two atoms in tmgld These

Donor  Acceptor E2 (kcal/mol) values were positive for Kr-O and Kr-X bonds andjatéve for
Fio ko 130.57 75 O-H bonds. The sign 0Y_2p showed that both Kr-X and Kr-O

FKrOH . K 01 88 bonds had an electrostatic nature (closed shedl)Gii bond had

P FRydverg ' a covalent nature (electron sharing). By lookinQ@AIM data,

Clp G K0 187.19 we could see that these values followed the sanher @s that of

CIKrOH o :

Clp  Krrydberg 19.88 p, thereby explaining that by the increaseofhe absolute value

o o 30112 s0 Of W2p was increased and clearly, bpthnd ¥ %p obeyed similar

BrkrOH o e ' rules. For better presentation of these valuesgdinéour plots of
Or  Krryberg 26.23 p and ¥ % have been depicted in Fig. 2. The distorted shapes

Owp S ke 224.75 electron density on Kr confirmed the charge tran&fetween

IKrOH o K them and other atoms. In addition, both O and X distbrted

Lp I'Rydberg 26.66

ss charge concentration (Wi%p plots) toward krypton. The¥?p
plots also showed the unique structure for O-H baodfirming

The second order perturbation energies, as obtdios NBO its covalent nature. Also, the separated lineKieK and Kr-O

30 calculations, could give us very useful informati@bout bonds proved their electrostatic interactions
interactions via molecules. In this research, wéaioked these

. . Another parameter, ellipticity €, could provide
_data using CCSD/AL_JG'CC_'PVTZ calculatlon_s. The MOSt structural insight as an indicator ofcharacter and also, indicate
important results are listed in Table 5. Accorditogthe data

X X delocalization through hiperconjugation. Accordioghe data in

listed in the Table 5, for FKrOH .and CIKrOH (that vad Table S3, the Kr-O bonds had the maximum value afd the

3 KrOH" and X), a powerful interaction between halogen’s lone . x ponq had the minimum value efamong all three bonds of
pair and Kr-O antibonding orbitals (130.57 kcal/nfml FKrOH each molecule. Therefore, consistent with the previdata, the

and 187.19 kcal/mol for CIKrOH) was observed, thgreb . o pond was very strong even in IKrOH. Since trogen
confirming the strong electrostatic interactionviexn these two atoms generally interacted with the adjacent atdipsback-

parts. It is important to note that this iteractionCIKrOH was bonding, they attracted the electron pairs of orygad caused
a0 stronger than that in FKrOH because chlorine oibitere more 4,4 strength for the Kr-O bond. Furthermore, ghalues for Kr-

similar to krypton orbitals (in size) versus fleginMoreover, a X bond in all molecules were very small (betweef0Q. and
weaker interaction between halogens lone pair auberg . g 050) because of the long bond length betweenniirrealogen.

orbitals of krypton (21.88 kcal/mol for FKrOH and9.88 |, jeneral, it can be suggested that the Kr-X beemd be easily
kcal/mol for CIKrOH) was observed. Since this intdien is a broken.

s type of backbonding, it is known that florine h&e tstrongest
backbonding and its interaction is more than chkinteraction.

6 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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Fig. 3 The graphical presentation of HOMO and LUMO forrablecules at CCSD/AI-CC-PVTZ level of theory

Population analysis

The shapes and energies of HOMO and LUMO of allecules

as obtained from the population calculations, & in Fig. 3
In HOMO orbitals, from FKrOH to IKrOH, the electratensity
of halogen was increased and the electron denfkkyypton anc
OH group was decreased, especially for BrKrOH and IKr@t
other words, from FKrOH to IKrOH, the density of gative
charge was displaced from the OH side of the mdédettu X, in

accordance with the previous data. Meanwhile, thergy of
HOMO and the energyap between HOMO and LUMO (listed

Table S4 were decreased from FKrOH to IKrOH. Thus, IKr¢
had the least energy gap and FKrOH had the mosgergap,
causing the higher reactivity of this molecule. dAlghe rate
constants of this molecule were in accordance thidse results
as shown previously in Table Brom the energies of HOMO a
LUMO, which were obtained from population analysigme
useful reactivity parameters such as chemical pialerfy),

chemical hardness)), global softness (S) and electrophilic
index () were calculatedsadefined in equations-4 (section 2).
Chemical potential is a criterion géactivity. IKrOH hadthe

highest chemical potential; therefore,was the mosreactive
molecule among these structureds¢, the leasstable). The
chemical hardness of moldes was decreased from FKrOH

IKrOH by increasing the size of halogen atom (adoay to our
expectation) and the reverse order could be obdefireglobal

softness. Finally, the electrophilicity indexes @icreased fror
FKrOH to IKrOH, showing thalkrOH was the most appropriate
molecule for nucleophilic attack.

Conclusions

In this report, optimized geometries, molecular pemies,
vibrational frequencies, NBO atomic charges and idj#ations
of XKrOH (X = F, Cl, Br and I) molecules at their wgtibrium
ss geometries were investigated using CCSD, CCSD(T), !
CAM-B3LYP and WB97XD methods and large basis ¢
Among these molecules, IKrOH and BrKrOH moleculesvetd
two I- , Br -and KrOH+ parts, while in other molecules, tt
could be presented akXx+ and OF-. A decomposition route was
s0 proposed for these molecules, showing high exotteereactions
especially for the twdrody decompositic. However, despite
their low thermodynamic stabilities, their decomfpioa rate
constants were small and all lecules, except IKrOH in the
threebody decomposition, had high kinetic stabilitieke$e dati
es indicated the possibilitfor the identificatiorand characterization
of these molecules. In addition to the calculatioh their
vibrational frequencies, NBOt@nic charges and hybridizatior
to calculate electron densities, bond elipticitiesl laplacian of
electron densities, the bonding properties of XKr@idlecules
owere studied by AIM calculations; also, for secoondder
intramolecular perturbation enees, NBO calculations were

This journal is © The Royal Society of Chemistry [year]
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used. Moreover, by using heats of formations, Gibdxs energies 7 32
of formations and isodesmic reactions, the relasitabilities of
XKrOH molecules were studied. These calculatiorsagd that
the stability of XKrOH molecules was decreased fiérto |, in

s accordance with other bonding and energy properfazlly,
reactivity parameters, as obtained from populatamalysis,
confirmed the increase in reactivity and the deswea stability
form FKrOH to IKrOH.
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DFT and AD initio calculations were employed to disclose the
conceivable existence of new noble gas molecules, XKrOH.



