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Bond dissociation energiesfor alkaline fluorides.
A. R. lakuboV

Abstract. The whole array of experimental data on the baisdociation energyBDE)
and bond length values for alkaline fluorides wamlgsed. To this end the fundamental
correlation of bond energy with its length was &bl According to experimental data the bond
M-F (M = Li, Na, K, Rb, Cs) is formed via overlamgi of the occupieg-orbital of fluorine and
unoccupiedp-orbital of alkaline metal, which can be consideasd’t-bond”. These bonds can
be either in degenerate or non-degenerate states.influence of measuring process on the

result, as well as application of the resonancertht alkaline fluorides, is discussed.

Introduction. The chemical bond in alkaline fluorides is formegdtWwo atoms “situated”
at the opposite poles of electronegativity. Theref@ne should expect the complete electron
transfer from lithium to fluorine and consequeritig ionic bond formation according to Kossel
[1]. However, Coulomb correlation of bond lengthdatissociation energy of the bond metal-
fluorine does not correspond to experimental data.

Swepston et al. in their work [2] dealt with geomeof LiF molecule. The authors
suggested that, besides electrostatic interadf@ne is a stabilising interaction between HOMO
of fluorine atom and LUMO of lithium atom to fornm acetylene-like structure i.e. so called *
bonds”. In the case of other metals,andf-orbitals can act as LUMO. The possibility of the
reverse donorship and HOMO-LUMO interaction in katides fluorides was also discussed in
the work [3]. Initially the reverse donorship torrfo the *“t-bonding” was suggested in the
Dewar-Chatt-Duncanson model [4, 5] regarding ttamsimetals carbonyls.

Thus far the hypothesis of ther-bonding”, present in alkaline fluorides, was not

confirmed by any experimental data. All carried dbeoretical researches (both quantum
calculations and phenomenological approach) dealitlybond dissociation energy valueBE
(M-F), where M = Li, Na, K, Rb, Cs, suffer from osemmon drawback: the researchers pick
one experimental valuBDE (M-F) and attempt to reproduce it with varying dsgg of success
(See, for example, the review [6]). However, themre a lot of experimentally obtain&DE (M-
F) values corresponding to the same chemical batdabthe same time differing from each
other (See, for instance, [7-13]). The observedesdifferences are too high to be considered as
a simple error of the experiment or a width of spectral line.

At the same time, taking into account the hypothes$i‘z-bonding” in alkaline fluorides,

one can give an explanation of the obtained @& (M-F). First of all, =-bond” can be in
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either degenerate or two non-degenerate statesedver, in HOMO-LUMO interaction the
participation ofp-orbitals, as well ad- andf-orbitals as LUMO, in combination with its possible
degenerate and non-degenerate states, can giwehlaloslifferent valueBDE (M-F). Since this
splitting is quite low, it does not have a sigrafit effect on the bond energy, but it can
dramatically influence on the geometry of ligandsreaunding the central atom. It can also be,
however, a result of such quantum phenomenon astedf measuring device on the experiment
outcome (See, for example, a recent review [14]).iRkstance, the bond length values in cesium
halides, determined by spectroscopic methods audreh diffraction method, have a systematic
difference approximately 1.5% [15].

In previous work [16, 17] we successfully applibeé taw of correlation of bond energy
with its length for calculations. Herein, we pro@idhe calculations for all experimentally
observed valueBDE depending on reasonable parameters such as quaniuers. We are
going to test a hypothesis of-bonding” in alkaline fluorides by using some agpeaf the
resonance theory, as well as to consider the puslionot-discussed influence of measuring
process on the experimental outcome.

Calculation method. The correlation between the energy of chemical dlits length
is described by equations (1-4). Equation (1) isvdd from Yukawa’s ideas applied to the
problems of the chemical bond [18]. It serves amm@swer to a simple question: “Is there any
particle corresponding to the strength holding potons in the molecule of hydrogen? If yes,
what is mass of such particle?” Equation (2) detees) the wave length of the first valence
electron in any atom. In equation (3), instead alige electromagnetic field (Coulomb
interaction), we use curvature of spacda replacement of bond lengthwith effective bond
length R. Due to the fact that paramet®r is of discrete nature, it greatly facilitated the
mathematic calculations. Quantisation is due toetkgerimental fact that kinetic energy of the

first valence electron is always higher than bonergy.
_NR
BDE = % [ ka 1)

_ alnlc )
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where 7 — Planck constantn — rest mass of an electron— speed of lighta — fine

structure constant; — bond lengthR — effective bond length;z — coupling constant (charge),

has following values: e=+a it =1518885 107472 [in'2 , q=%e,
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g:1.03682><10‘1“J%Dm/V2, it should be noted thagi=%e; n — bond order;k — integer

parameteT, Ip — donor ionisation potential, as a rule, doncarisatom which forms cation after
heterolytic bond dissociatidnAll values of first ionisation potential were as&om the work
[4], ti — integer parameters having properties of quamumbers and taking valuets:= 0, %1,
+2,...:1,=0, £1, +2,...;t,= 0, V4,5 +3,, 41, ...; etcC.

Results and discussion. Equations (1-4) contain parameters, characterigiagchemical
bond in questionBDE — bond energy, — bond lengthz — coupling constant (charge)~ bond
order;k — acceptor integer parametgs;— donor ionisation potential), and parameters ril@sg
the state of this bond (quantum numbgrsin present work we aim to find the values of ¢hon
parameters (first of allp, 1p) which give a good agreement of calculation resok several
valuesBDE (for one exact chemical bond) with experimentabdahen varying one quantum
number. Ideally, the varied quantum number shooticthfa continuous sequence.

In all calculations we used following values(z, =elé; ke = 7, to = 0; the values of

other parameters are given for each case separately

Li-F. Using molecule Li-F as an example, we share inaiddtow the known
experimental data on bond energy and length weatysed. For other alkaline fluorides the
procedure is analogous and only the results aengiv

Equation (2) contains one parameter, which direrttiicates the donor in the pair of
atoms forming chemical bond, namely first ionisatpotential of donor. To determine the state
of the chemical bonds(or nr) in the molecule one should compare the calculati@sults by
equations (1-4) fok; (c-bond) andr (= -bond).

At first, we calculate the step change of effechead length for various valuag;=1.

Table 1. Step change of effective bond length (&%n varyingAt;=1

Donor

Quantum numbers

Metal (c-bond) A°

Fluorine @-bond) A°

to 0.33 0.7355
ty 0.0716 0.1597
t, 0.0039 0.0087

We calculate effective bond lengi®) and its differencé\R with experimental bond length;.
r=1.564 A° [19, 20] for both casesly of lithium (c-bond) and of fluorine f-bond), taking

into account the recommended experimental vBDE (Li-F)= 5,98 eV [7, 8].

2 parametek in all cases (except fég=5, ko=6, andk-=7) equals doubled number of valence electronscétor,
i.e. atom having higher electronegativity and forgnanion after heterolytic bond dissociation.

® However, in the case when the bond is forwiacelectron pair of ligand, first ionization potentid anion is used
in calculations.
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Table 2. Effective bond lengtR . and its deviatiomR from experimental valuey;.

4

F=1.564 A°
Donor
Li (o-bond) A° F f-bond) A°
R 1.3452 1.7237
AR -0.2188 0.1597

Comparing results from Tables 1 and 2 one can vbdbe agreement of calculated and
experimental valueBDE (Li-F) with the use of the following parameterseiquations 1-4.

Table 3. Calculations @&DE (Li-F) for cases &-bond»l ;j and «-bond»l¢

parameter BDE(LI-F) eV
r A° IpeV? ty t, calk. exp.
1.564 5.3918(Li) 1 0 4.337 5.98
1.564 17.4231(F) 1 0 5.978 5.98+0.2

areferencd7), ° reference [8]
There are also other experimental valB&E (Li-F) [10-13]. The calculations results for

all of them are given in Table 4.
Table 4. The calculations of all experimental valB®E (Li-F) for which the following
data were usedi;r=1.564 A°I|=17.4231 eV}{;=1,n =1 (an ethylene-like structure). The only

varying parameter wds.

parameter BDE(LI-F) eV
ty calk. exp.
0 5.978 5.08 5.98+0.2, 5.975
Y, 5.938 5.963
Ya 5.938 5.938 average
s 5.898 5.909
Y5 5.898 5.898+0.35

2 reference [7]P reference [8]F reference [13]” reference [11]° average between extreme
values; reference [10]° reference [12].

In Table 3 it was shown that calculated val8&E (Li-F) are in good agreement with
experimental data whelp of fluorine was used. Table 4 shows that expertaleraluesBDE
(Li-F) in range 5.98 eV, 5.9840.2 eV, 5.975 eV dndse in range 5.909 eV, 5.898+0.35 eV both
correspond to two non-degenerate states-lobnd. At the same time, the average vaBBE
(Li-F) 5.963 eV and 5.938 eV correspond to non-degate state ofti-bond. Therefore,
according to all above, we have a conclusion thatkali fluoridest-bonding takes place.

In all following calculations we use by default dhine ionisation potential as donor
ionisation potential and bond order equals 1.

NaF. Sodium fluoride has following experimental datg;.—=1.926 A° [19] andBDE
(Na-F) equaling 5.3296 eV[10] and 4,95%0,2 eV [/18]. We assume that valuB®E (Na-F)

correspond to two non-degenerate states. In tisis, ¢heir average, corresponding to degenerate
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state, should reproduce by calculations fQg.=1.926 A°. The validation results of this
assumption are given in Table 5.
Table 5. The calculations of all experimental valB®E (Na-F) for which the following
data were usedia.r.=1.926A° [19],1,.=17.4231 eV1;= 0,n= 1. The only varying parameter was

to.
parameter BDE(Na-F)»B
ty calk. exp.
1% 4.958 4,95+02
0 5.143 5.14 average
-1% 5.34 5.33

reference [7, 8, 11}:reference [10]

KF, RbF, CsF. The work [9] contains the upper dissociation Ignimeasured
spectroscopically for these molecules. The resoft®ur calculations for all experimentally
observed dat&8DE (K-F), BDE (Rb-F), andBDE (Cs-F) are given in Tables 6, 7, and 8
correspondingly.

Table 6. The calculations of all experimental valB®E (K-F) for which the following
data were usedy.r=2.1714A° [19],1r=17.4231 eV}{;= -1, n = 1. The only varying parameter

WaStz.
parameter BDE(K-F) eV
ty calk. exp.
2 5.084 5.069% 5.0699
5.0998; 5.117+0,087
2 5115 5.113 averade
2 5,147 5.156
3% 5.31 <5.31%

2 reference [8]P reference [10]° reference [11]° reference [7]F average between extreme
values;thermodynamic data used from [9F upper limits for the dissociation energies, data
from [9].

Table 7. The calculations of all experimental valB®E (Rb-F) for which the following
data were usedrp.F=2.2704A° [19],1,=17.4231 eV}1= -2,n = 1. The only varying parameter

wasto.
parameter BDE(Rb-F) eV
ty calk. exp.
Yo 4.993 5.000
0 5.053 5.035
5.117+0,218
-1 ’
72 5.115 5.102 averade
5.18Z2;
11 y
17 5211 5.204+0,3
3 5.446 <5.45%

2 reference [10];° reference [11];° reference [8];® average between extreme valués;

thermodynamic data used from [9]pata used from [12F° upper limits for the dissociation
energies, data from [9].
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Table 8. The calculations of all experimental valB®E (Cs-F) for which the following
data were usedcs=2.345A° [19],1r=17.4231 eV ;= -3, n = 1. The only varying parameter

wast,.
parameter BDE(CsF) eV

t, calk. exp.

1% 5.141 5.15

1% 5.173 5.187
1 5.238 5.255 average
Ya 5.271 5,269 +0.06

5.29+0.087

) 5.304 c 291
0 5.371 5,360+0,078

1Y 5.617 <5.633

2 reference [10]° reference [11]° average between extreme valueseference [8]° reference
[7]; T thermodynamic data used from [§]upper limits for the dissociation energies, datanf
[9].

The influence of measuring process on the result. As it was mentioned above, in work
[15] the bond length values in cesium halides, rd@tged by spectroscopic methods and electron
diffraction method, have a systematic differencprapimately 1.5%. The measurement result
was defendant on the measurement method. In wdrktfigre was an assumption that these
differences are the result of incorrect interpretabf experimental data since it was likely that
the mixture of monomer and dimer of alkali halidmild be used. In work [15] the valugs.
r=2.33+0,02 A° are given for electron diffractiondais.=2.375 A° are given for spectroscopy,
whereas recommended valug r equals 2.345 A° [19].

Our calculations results &DE (Cs-F) are given in Table 9 with two varying parseng
—t;, andrcs.r. The varying of two parameters gives approximatieéysame effective bond length
and gives a good agreement with experimental datahould be noted that one of two
parameters is an experimentally observed value edisethe second one is an element of a series
formed by sequence with a step Y.

Table 9. The calculation of experimental val8&E (Cs-F) for which the following data

were usedtg=17.4231 eV{1= -3,n = 1. The only varying parameters we&randrcs r.

parameter BDE(CsF) eV
rcs-pA° t, Rcs.gA° calk. exp.
2.33 1 1.8856 5.295 5.29+0.087
2.345 Ya 1.8833 5.304 5.29+0.087
2.375 Y 1.8786 5.288 5.29+0.087

% reference [7].
The calculations oBDE (Cs-F) were also carried out with the constant e&la’z and

the only varying parameter weg.r. The results are summarised in Table 10.
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Table 10. The calculation of experimental vall3E (Cs-F) for which the following

data were usedF=17.4231 eV1;= -3,t,= ¥2,n = 1. The only varying parameters wasr.

parameter BDE(CsF) sB
rcs-.pAC t, calk. exp.
2.33 Ya 5.362 5.360+0,078
2.345 Yo 5.304 5.29+0.087
2.375 Yo 5.19 5.187

2 reference [8]° reference [7]° reference [11].

From Tables 9 and 10 it appears that all three raxpatal values of bond length Cs-F
are correct. We assume that the differences in legth values (while bond energy is constant)
are due to the fact that different devices leadxoitation of different energy levels having
different valuest,. Moreover, the different wave lengths having idsait valuest, give
experimentally observed bond energies. When boerdgns constant the change of bond length
with simultaneous change of quantum number valweqgads without energy barrier. The
simultaneous change of both these parameters aoésfimence on the bond energy but it does
influence on dipole moment of the bond. And vicesae the change of dipole moment of the
bond under the action of external factors, suclsakgent, substrate, catalyst, etc., can lead to
adiabatic change of bond length and quantum lewkich in turn can affect the reaction
direction.

As for assumption referring to the mixture of mormrand dimer, some of the observed
bond lengths can be attributed to it, for instange=1.68 A° [22]. It is close to averagg(
r=1.655 A% between recommended values 1.564 A° &b@l 1.74 A° [23] for monomer and
dimer correspondingly. However, the measured vatugs1.547 A° [11] and;=1.5397 A°
[24] correspond to observation of different quantenels by different devices. The calculations
are given in Tables 11 and 12.

Table 11. The calculation of experimental vallE (Li-F) for which the following

data were usedi=17.4231 eV1;= 1,n= 1. The only varying parameters we&randr .

parameter BDE(Li-F) eV
rig A° t, R.i.r A° calk. exp.
1.5397 §Z 1.72538 5.970
1.547 Yo 1.724 5.976 5.98 5.98+0.9, 5.975
1.564 0 1.72368 5.978

2 reference [7]° reference [8]° reference [13].
Table 12. The calculation of experimental vall3E (Li-F) for which the following

data were used=17.4231 eV{;= -3,t,= ¥2,n = 1. The only varying parameter wasr.

parameter BDE(Li-F) eV
rig A° t, calk. exper.
1.5397 3 6.01 -
1.547 7 5.976 5.98 5.98+0.2, 5.975
1.564 Y 5.898 5.898+0.35
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3 reference [8]° reference [7]° reference [13]" reference [12].

Resonance theory. Swepston et al. in their work [2] suggested a liypsis that there is a
stabilising interaction between HOMO of fluorinet and LUMO of lithium atom to form an
acetylene-like structure i.e. so calledibonds”. But, as we showed above with our calcoite]
an ethylene-like structure (with only one stabilgsHOMO-LUMO interaction) is more suitable
since the calculations are in good agreement wigleement. Nonetheless, the validation of the
presence of an acetylene-like structure shoulddme és well and it is possible with the use of
resonance theory concept (See, for example, thenBaureview [24]). According to that, the
multiple bonds are in the equilibrium between salstructures, for instance (5):

C=C~ C'— C (5)
The calculations oBDE for C-C bond in ethylene with parameteisz=g-g, n=2 for double
bond and z;:z=g-e, n=1 for polarised c-bond give results 7.297 eV and 7.121 eV
correspondingly.

We think that the transfer from ionic to so calletéond can be considered proven. In
table 13 the validation of the presence of an deegylike structure is given with the application
of resonance theory towards alkaline fluorides.

Table 13. The calculations BDE (M-F) for ethylene-like structuren(=1) and acetylene-
like structure 1t =2). For comparison, we give the calculationB&fE (C=C) and the energy

differenceABDE for the structures in equation (5).

parameter BDE eV

spacies n ARy r A° t t, calk A BDE exp.
c=C ; g:g 1.33 3 0 ;%Si 0.176 |7.298:0.13
Li-F . EIS 1.564 1 0 g:ggg 0.148 5.98
Na-F 2 o] 1926 0 1 (5020 0349 | 4.95:0.2
K-F . EIS 21714 | -1 Ya i:gg; 0329 | 5.0695
Rb-F — o 22704 | 2 Y 225 0383 | 51172021
Cs-F : g:g 2.345 3 Z 2:32‘2‘ 0.282 | 5.29:0.087

2 reference [26]° reference [7]. There are other experimental 8D&(C=C) andrc-c, but this
is not the aim of the present work.

We were looking for the differenc&@BDE (C=C) for both structures from equation (5)
and its comparison with the differendeBDE (M-F) for acetylene-like and ethylene-like
structures. Since we think that resonance theosygsod theory and hiBDE (M-F) < ABDE

(C=C), the formation of an acetylene-like structiseas equally possible as the formation of
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structures from equation (5). However, an ethyliékes- structure is more preferable
energetically. From Table 5 one can see that only meets this criterion.
It should be noted that quantum numbend period number of alkaline change symbatically.
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