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Chapter -4

INNOVATIVE METHOD FOR THE PREDICTION OF THE BOND ORDER OF DIATOMIC
SPECIES WITHOUT MOLECULAR ORBITAL THEORY (MOT)

Arijit Das
Department of Chemistry, Bir Bikram Memorial College, Agartala, Tripura, India

Email: arijitdas78chem@gmail.com

In the previous chapters 1 & 2, formulae-based noméos have been discussed to predict the poweheof t
hybridization state of simple molecules or ionsshoa atoms in organic compounds and heteroatonmén t
heterocyclic compounds. Limitations of conventiof@mula have been focused in chapter 3 in thet lafh
innovative formulae. In this chapter-4, bond ordediatomic species having the total number of teters (1-
20), has been predicted without drawing a molecoithital diagram or without using molecular orbitlg&ory.
Here, | have tried to hub four (04) time econommndvative mnemonics by including four (04) formulae
predict the bond order of diatomic species. HelegJe also discussed the application of bond ardefnemical
bonding and different problems associated withTihis chapter explores the results and gives irapibos for
context-based teaching, learning, and assessment.

Bond-order usually predicted from the Molecular i@ibTheory. Molecular Orbital Theory (M.O.T.) wéisst
proposed by Friedrich Hund and Robert Mulliken 8832 They developed an approach to the covalent bond
formation which is based upon the effects of thaoues electron fields upon each other and which leysp
molecular orbital rather than atomic orbital. Easirch orbital characterizing the molecule as a whsle
described by a definite combination of quantum nersland possesses relative energy value.
METHODOLOGY

A. The conventional method for prediction of bond order with molecular orbital

theory (MOT)

Molecular orbital theory (MOT), was proposed by iduand Mulliken in 1933. According to this theorg, a
molecule, formation all atomic orbitals of partiatpng atoms overlap or mix up to form the equivalemmber
of new orbitals called molecular orbitals. In dosw the atomic orbitals lose their individual itignand all the
electrons get distributed in molecular orbital ctardance with Aufbau's principle, Paulis excluspsmciple

and Hund'’s rule.

1. R S. Mulliken,Spectroscopy, Molecular Orbitals, and Chemical Bonding Nobel Lectures Chemistry (AmsterdamElsevier
Publishing Company:1972),1963-1970.
2.George G. Hall, “TheLennard-Jones Paper of 1929 and the foundationgladcular Orbital Theory” Advances in

Quantum Chemistry 22 (1991): 1-6, doi:10.1016/S0065-3276(08)60361-5
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Formation of molecular orbitals explained on thsibaf the linear combination of atomic orbitalsACO).
When atomic orbitals approach each other, theirenfawctions §) interact with each other in two different
ways:
i)Bonding molecular orbital (BMO): Constructive interference i.e. when two waves iar@hase and
produce an additive effect to give rise to bondimgjecular orbital (BMO).
ii)Antibonding molecular orbital (ABMO): Destructive interference i.e. when two waves ateobphase
and produce the subtractive effect to give risarttbbonding molecular orbital (ABMO).
Bonding molecular orbitals (BMOs) are formed by the addition of atomic orbitals anel represented hy ©
etc.. Energy of BMOs is lower than that of combgiatomic orbitals.Antibonding molecular orbitals
(ABMOs) are formed by subtraction of atomic orbitals anel r@presented by, n* etc.. Energy of ABMOs is
higher than that of combining atomic orbitals. AB®l@re higher in energy than the corresponding BMOs.
Thus, BMOs are more stable than ABMOs. Electrorss &éinter in lower energetic BMO by obeying Hundls
then enters in corresponding higher energetic ABNIe probability of finding electrons, increasesBiMO,
whereas, decreases in ABMO.
The atomic orbitals, which do not take part in bémaination, are known ason-bonding orbitals. Ex. In HF,
sigma bonding and antibonding orbitals are formgddmbining 1s orbital on H-atom with the 2mrbital on
fluorine (F) atom. This is why, 1s, 2s,x2md 2p orbitals on fluorine (F) remain asnbonding orbitals.
Increasing energetic order of different molecular obitals for number of electrons< 14

615 < 6 15 < 625 < 6 25 < T2Px = T2py < 62pz< TE*pr = T[*Zpy< O'*sz
Increasing energetic order of different molecularrbitals for number of electrons > 14

615 < 6 15 < 625 < 6 25 < 62pz < M2Px = M2py < T 2px = T 20y < G 2pz

In this energetic order, there is five bonding roalaer orbitals (BMOS)o1s, 625, T2px T2py, 02pz @nd five anti
bonding molecular orbitals (ABMOSY; 1s, 6 2s, T 2px T 2py, O 2pz

iii) Bond Order (B.0.): The number of covalent bonds formed in a molecule is called its bond order.
Mathematically, it is represented as B.0. = Np — Na/ 2,

Where, N = Number of electrons in bonding molecular orlsitad, = Number of electrons in anti bonding
molecular orbitals.

If, Nb>Na, then B.O. = +ve, the molecule is stable and if<NN,, then B.O. = -ve, the molecule is unstable or

does not exist. If, N= N, B.O. = 0, the molecule does not exist.
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B. Innovative Method for the prediction of bond order without molecular orbital

theory
First of all, classify the molecules or ions haviig20)es into the following four (4) types, (1-2), (2-§B-14)

and (14-20 ), based on the total number of elestppasent in them.

The graphical representatiofrig.4.21) shows that bond-order gradually increases to thenrange (0-2)
electrons, then falls to zero in the range (2-&cebns, then it further rises to 1 for (4-6) elens and once
again falls to zero for (6-8) electrons, then agéas to 3 in the range (8-14) electrons and tmadly falls to
zero for (14-20) electrons. For total no of elees@, 6 and 14, one can use multiple formulae, secthey fall

in the overlapping region in which they intersedtweach other.

Bond Order
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Fig.4.21: Graphical Representation of B.O. with theaumber of electrons

For such four divisionbased on the total number of electrons, thereheilfour formulae to predict bond order
of homo and heteronuclear diatomic molecules os ibaving the total number of electrons fall in thage
(1-20y8 as follows:

3. A.Das, "Bond-order and Magnetic Behavior of DiatorSpecies without Molecular Orbital TheorWoprld Journal of
Chemical Education 5 (June 2017):128-131, doi: 10.12691/wjce-5-#itfh://pubs.sciepub.com/wjce/5/4/2/

4. A. Das, “Innovative Mnemonics in Chemical Educatio A Review Article”,American Journal of Chemistry and
Applications 5(April 2018): 19-32http://www.openscienceonline.com/journal/archive®palld=711&paperld=4221

5. A. Das, “A Review of Time Economic Innovative Mnenics In Chemical Educationlnternational Journal of Physics
& Chemistry Education 10 (June 2018):27-40, doi: 10.12973/ijpce/8158&p://www.ijpce.org/A-Review-of-Time-
Economic-Innovative-Mnemonics-in-Chemical-Educafib89,0,2.html

6. A. Das, “Innovative Mnemonics In Chemical Educati®eview Article”, African Journal of Chemical Education 8(July
2018):144-189https://www.ajol.info/index.php/ajce/article/view/a086

7. A. Das, “Innovative Mnemonics Make Chemical EdumatTime Economic — A Pedagogical Review Articlglorid
Journal of Chemical Education 6 (Sept 2018):154-174, doi:10.12691/wjce-6-4-2,
http://pubs.sciepub.com/wjce/6/4/2/index.html

8. A. Das,“Chemical Bonding: Time Economic Innovative Peddgeg A Review Article”,Global Journal of Science
Frontier Research Chemistry 17 (Nov 2017): 1-16https://journalofscience.org/index.php/GJSFR/atidew/2110
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i) Molecules and ions having total no of electrons within the range (1-2):
In such case Bond order = n/2

ii) Molecules and ions having total no of electrons within the range (2-6):

In such case Bond order =14-n1l /2
iii) Molecules and ions having total no of electrons within the range (6-14):

In such case Bond order = 18-n1/2
iv) Molecules and ions having total no of electrons within the range (14-20):

In such case Bond order = (20-n) / 2
[where, n = Total no of electrons, ‘II' indicateMfunction i.e. the value of bond order is alwpygsitive]
In the above formulae by just putting the valuethe# total number of electrons (n), bond order @itatic

species should easily be predicted without usingeoutar orbital theory (MOT).

RESULTS AND DISCUSSION

A. Prediction of bond order by conventional method:

By using conventional method bond order of moleswieions should beredicted in the following way:

Ex. Hz (number of electrons < 14)Electronic configuration (E.C.) with MOd:&Z, B.O. = N — Na/ 2 = 2-0/2 =
1 (H-H); Hz*: E.C. with MOTo1¢, B.O. = N — Na/ 2 = 1-0/2 = 0.5H7 : E.C. with MOTo1é.6'1s, B.O. = N
—Na/2=2-1/2=0.5.

Hex: E.C. isc1d6"18, B.O. = N —Na/ 2 = 2-2/2 = 0 (does not exisbigz": E.C. isc1é,6'1s, B.O. = N — No/
2=2-1/2=0.5.

Li2: E.C. iso1d, 6'1&, 628, B.O. =Np — Na/ 2 = 4-2/2 = 1Bex: E.C. iso1d, 6'1&, 628, 6' 28, B.O. =Np— Na/ 2 =
4-4/2 = 0 (does not existBz: E.C. iso1d, 618, 628, 6 28, Mopid, Topyt (Fig.4.22),bond order 2Ny — N/ 2 = 6-
4/2 =1 (B-B);C2: E.C. is61&, 6"1&, 628, 6 2¢, Tapyé, Tiapy?, boNnd order Np — Na/ 2 = 8-4/2 = 2 (C=C).

N2: E.C. isc1é, 6718, 628, 6 28, Tapy, Tiapys O2p7, bond order =Np — No/ 2 = 10-4/2 = 3 (RN); N2*: E.C. iso1d,
6"1&, 628, G 28, Tapy, Tapy?, O2p7 , bond order =N, — Na/ 2 = 9-4/2 = 2.5N2 : E.C. iS61&, 6'1&, 028, G 28, M2pd,
Topy?, O2p7 , T 2pd , bond order =N, — Na/ 2 = 10-5/2 = 2.5N2%: E.C. isc1&, "1, 628, 6 28, Tops, Mopy’s O2p7
T opd , T 2pyt , boOnd order Np — Na/ 2 = 10-6/2 = 2.

O2 (number of electrons > 14F.C. of Q is 618, 6"1&, 628, 6 28, Gops?, Tory?, Tapys T 2pxs T 2py* (Fig.4.23),B.0.

= Nb - ’\la/ 2 = 10'6/2 = 2 (O:Op2+: EC isﬁlsz, 0*132, 0252, 0*232, Gszz, TCZPXZ, TCZpyZ, T[*prl, BO :Nb - '\Ia/ 2 =
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10-5/2 = 2.502 : E.C. is01&, 6" 1, G2, G 28, O2ps, Topy?, Tapyss T 2pxes T 2pyt » B.O. =Np — Na/ 2 = 10-7/2 = 1.5;
02%: E.C. is61&, 618, G2, G 28, Oopsy T2pss Topyts T 2ps T 2py 5 B.O. =Np— Na/ 2 = 10-8/2 = 1.

F2: E.C. is01d, "1, 628, G 28, Gop?, Topd, Mapys T 2pxs T 2py? » B.O. =Np — Na/ 2 = 10-8/2 = 1 (F-F).

Nez E.C. is61é, 618, 628, G 28, O2ps Mops Topys T 2pis T 2pys O 2p7 B.O. =Np — Na/ 2 = 10-10/2 = 0 (does not
exist).

CN (number of electrons < 14f.C. isc1&, 6 1&, 622, 6 25, Mo, Topy’, O2p7-, bond order Ny — Na/ 2 = 9-4/2 =
2.5;CN= E.C. is01&, 6'1&, 62, G 2, Mops?, Tiopy’s O2p72, bond order 2Ny — Na/ 2 = 10-4/2 = 3.

NO (number of electrons > 14E.C. iSc1&, 6 18, 628, G 25, O2pf, Tapds Topyss T 2pit, B.O. =Np — Na/ 2 = 10-5/2
= 2.5;NO": E.C. isc1&, 6"1&, 028, 6" 28, G2p?, Mapé, Mapy?s B.O. =Np— Na/ 2 = 10-4/2 = 3.

B. Prediction of bond order by the innovative method:

By using innovative mnemonics prediction of bondesrof B (total electrons = 10) and.@total electrons =

16)is described below:

Bond order of B2: B;having total number of electrons =10 (total numdfezlectrons, n=10), therefore, it

falls in the range (6-14) electrons, for which pas innovative method, bond order =18-n 1/12&101/2 =1
(B-B).
Bond order of O2: O,having total number of electrons =16 (total numifezlectrons, n=16), therefore, it

falls in the range (14-20) electrons, for which,p&s innovative method, bond order = 20- n/2 = BR1= 2
(0=0).

So, with the help of innovative mnemonics, bondeordf diatomic species can easily be calculategt troim

its total number of electrons without drawing a ewnllar orbital diagram in a time economic methodeduate
examples on the prediction of bond order of honb lagteronuclear diatomic molecules or ions havirggtotal

number of electrons fall in the range (1-20) withmolecular orbital theory have been exploredatle 4.4.
APPLICATIONS OF BOND ORDER IN CHEMICAL EDUCATION:

1. Order of bond properties (bond length, bond Stregth, bond dissociation energy, bond energy,
ionization energy, thermal stability, reactivity, and vibrational frequency) from bond order value:
From bond order, different parameters like bondjflenbond Strength, bond dissociation energy, beratgy,

ionization energy, thermal stability, and reacgivdiin also be evaluated in the following manner:
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i) Bond order (B.0.) « 1/Bond length or Bond distance ii)B.0. a Bond strength iii)B.0. « Bond dissociation
energy iv) B.0. a Bond Energy v) B.O. a Ionization Energy vi)B.0. a 1/Reactivity vii)B.0. a Thermal
Stability viii) B.O. a vibrational frequency

By knowing the bond order value from the above discussed innovative mnemonics and thus by using the
above relations of different parameters with bond order, students and educators can easily be evaluated
the increasing or decreasing order of bond length, bond Strength, bond dissociation gnéxgnd energy,
ionization energy, thermal stability and reacyiwf different diatomic species.

Ex. Bond order values of HO;, 0,*,0;* and Q?* are 2.0, 1.5, 1.0, 2.5 and 3.0 respectively, fhese
decreasing order of thelond length, bond Strength, bond dissociation gndrgnd energy, ionization energy,
thermal stability, reactivity, and vibrational freency are &¢*(3.0) > O, (2.5) > Q (2.0) > Q@ (1.5) > Q%
(1.0) and decreasing order of bond length and iségcare Q2 (1.0) > Q(1.5) > Q (2.0) > Q* (2.5) > Q%
(3.0).

2. Order of stability and reactivity of cationic and anionic species of the same element having samend
order:

When bond order of cationic §J and anionic species X is same for the same element)Xhen anionic
species (X) will be much more reactive and least stable thationic species (X). This is due to the
increasing number of electrons in higher energatitbonding molecular orbital (ABMO) in case of amic
species (X) than that of cationic speciesAX

Ex.a. Bond order of M and N is 2.5, then, their reactivity order will be™¥ N»* and stability order of will be
N2*> Ny

Ex.b. Bond order of H" and B is 0.5, then, their reactivity order will berk Hy* and stability order of will be

Ho"> Hy.

PROBLEMS ON BOND ORDER: (Implementation of Bond-Order Mnemonics to Solve

Problems in Competitive Exams)
Q.1. Which one of these will have the highest boratder? (NEET 2018)
a)CN b.CN ¢.NO d.CN

Ans: b. CN(Total electronsn=6+7+1=14,B.0.=18/2=18-141/2=3)
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Q.2. According to molecular orbital theory, which d the following will not be an viable molecule? (JEMAIN 18)
a)He?* b)He' c)H d)H*

Ans: d)H? (Total electrons n = 4, B.O. = 14-nl/ 2 =442 = 0, i.e. Does not exist )

Q.3. Which one of the following pairs of species ke the same bond order? (NEET 2017)

a)Q, NO* b)CNCO ¢)N O d)CO,NO

Ans: (b) CN and CO both having B.O. 3.0.w.r.t. total electraids

Q.4. Decreasing order of stability of G, Oz, Oz" and O is (NEET 2015)

AP >>%>0" )OO >02 >0 ) >0 >0 >0 d O >0 >0 >0

Ans: (d) G'(2.5)>Q(2.0)>Q (1.5) >G> (1.0) (B.Oa Stability)

Q.5. In which of the following pairs of molecules fons both species are not likely to exist?

a)H', He? b) B, He?* c) H?Y, He d)H, He?**  (JEE MAIN 2013)

Ans: (c) (B.O. of He= 0) (species having zero or negative bond ordarade@xist)

Q.6. Using MOT, predict which of the following speies has the shortest bond length?

a) 0% b) &' c¢) & d) O* (AIEEE-2009)

Ans: (a) B.O. of @* =3.0; B.O.a 1/Bond length)

Q.7. The molecule / ion having bond order 2.5is (S.T.P.G.T. 2017)

a)Li>* b) B* c) Q@ d) G

Ans: (c) (@' =2.5)

Q.8. Using MO theory, predict which of the followirg species has the shortest bond length ?

a)G** b)Q" ¢ d)Q* (AIEEE 2009)

Ans: a) Q** (B.O. = 3, B.Oa 1/ bond length)

Q.9. Stability of the species increases in the orde (JEE MAIN 2013)

a.Lix<Lir'<Liy b. Liy<Lis*<Li c. Lb<Lizy<Lio" d.Liy<Lio<Lis*

Ans: b. Li<Liz*<Li

(Li; =B.O. =1, Li* & Liz B.O. = 0.5; Bond ordex stability, but when bond order be same then catispecies will
have higher stability than anionic species du@doeiase in electron in higher energetic ABMO irpait species)
Q.10. Among the following species, the order of fit ionization energy (&) is

a.0<0,' <0y b.Q'<0;<0; €. <0O<0;" d.Q<0y<0.*

Ans: . <0,<0y" - IE1 (Bond ordera IE; ; Bond order trend is 1.5<2.0<2.5)



51

Q.11. Which of the following is the correct order dtheir stability ?
a.CN<NO<NO b.NO<CN<NO cNO<CN<NO d.CN<NO<NO
Ans: b. NO (2.0) < CN (2.5) < NO(3.0) - stability (Bond ordar stability)
Q.12. In which case bond order increases ?
a.Ochangesto ® b.Nchangesto i c. NO changesto NOd. In all cases
Ans: a.Q changes to & (bond order increases from 2.0 to 2.5)
Q.13. Which of the following is the correct orderof their stability ?
a. Ne>N2™>Ny b. N> Ny >Ny* c. N*>N>Ny d. None of these
Ans: a. N>N2">Ny (Bond order of M= 3.0, N* & N = 2.5; Bond ordes. stability)
Q.14. Which of the following is non-existent accoiidg to molecular orbital theory ?
ahH b.@ c.He d.qg
Ans: He (B.O.=0)
Q.15. The molecular species having highest bond adis
a.o b.G c.Q" d.Q*
Ans: c.Q" (B.O. =2.5)
Q.16.Nb and Oz are converted into mono cations B and Oz respectively. Which is wrong ?
a. In N*, the N-N bond weakens b. In"Othe O-O bond increases  c. Isf Paramagnetism decreases
d.N,*, becomes diamagnetic
Ans: d.N*, because, N becomes paramagnetic not diamagnetic
Q.17. The calculated bond order in H ion is
a.o b. 1/2 c.-1/2 d.1
Ans: b. 1/2
Q.18. Which is the correct sequence of bond order?
aQ>0>0, b.G>0 >0 c.@> 0> 0y d.e>0'>0O
Ans:c. Q> 0,>0; (B.0.25>20>1.5)
Q.19.The molecule having bond order 3 is
ak b.N c.Q d.He'
Ans: b.N (B.O.=3)

Q.20. The relationship between the dissociation ergy of N2 and Ny is
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a. Dissociation energy of:N- dissociation energy of N

b. Dissociation energy ofd\tan either be lower or higher than the dissoaiatioergy of N*

c. Dissociation energy of N> dissociation energy of N

d. Dissociation energy of N« dissociation energy of N

Ans: c. Dissociation energy of:N dissociation energy of N (B.O. o dissociation energy; B.O. of:Ns 3.0
and that of M' is 2.5)

Q.21. An antibonding molecular orbital is formed by

a. Addition of atomic orbitals ~ b. Subtractioihatomic orbitals  c. Multiplication of atomizbitals
d. None of these.

Ans: b. Subtraction of atomic orbitals gives rigeAntibonding molecular orbitals

Q.22. A bonding molecular orbital is formed by

a. Addition of atomic orbitals  b. Subtractiofhatomic orbitals  c. Division of atomic orig

d. None of these.

Ans: a. Addition of atomic orbitals gives rise torlaling molecular orbitals

Q.23. The bond order of Q is

a.0.5 b.1.5 ¢35 d25

Ans: b.1.5

Q.24. The number of antibonding electron pairs on & molecular ion on the basis of MOT is

a.4 b.3 c2 db

Ans: a.4 (E.C. of & is 618, 618, 628, 6 28, O2p, M2pds Topy’s T 20X, T 2py°)

Q.25.The common features among the species CBO and NO" are

a. Bond order 3 and isoelectronic b. Borakr 3 and weak field ligands

c. Bond order 3 ang-acceptors d. Isoelectronic and weakifiigands

Ans: a. Bond order 3 and isoelectronic (All havigelectrons and 3 B.O.)

Q.26. Two sp hybridized carbons are present in which of the fébwing compounds?
a.CHCH=CH, b.CHCHOH c.CHCHO d.CeCOOH

Ans: b.CHCH;OH (Both carbon atoms in ethanol are surroundedodyonds and hence are ir*$yybridized)
Q.27. Match column | with column Il and select thecorrect answer using the code given below:

Column I (Molecule/lon) Column II (Moledar Geometry)
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A.HgCl, 1.Tetrahsdd
B. NHs* 2. Trigdbipyramidal
C. Sk 3. b
D. PCk 4. Octdnal
A B C D)
a. 4 3 2 1
b. 3 1 4 2
c. 3 2 1 4
d.2 3 4 1
Ans: b.

Q.28.Which of the following statements is incorre&

a. A double bond is stronger than a single bond b. A double bond is shorter than algifmgpnd

c.m bond is stronger bond dz bond does not affect the shape of the molecule
Ans: c.w bond is a weak bond

Q.29. How manye and & bonds are present in GH4?

a.5&2 b.5&1 c.4&3 d4&1

Ans: b. 5 &1 (5 bonds andd bond)

Q.30. In NG5 ion, the number of lone pair and bond pairs of eletrons on nitrogen are

a.4,0 b.0,4 c.2,3 d.0,5

Ans: b.0,4 (In HN@ nitrogen is surrounded by one coordinate bond Wittone double bond O and one single
bond with —O-H)

Q.31.Which of the following pair has an identical lond order?

a.CN & Oy b. @ & CN* c.CN&CN- d. CN& NO*

Ans: d. CN & NO* (Both having 14 electrons, B.O. = 3)

Q.32. Which of the following angle corresponds tops hybridization?

a. 180 b. 120 c. 10928 d. 90

Ans: c. 10928°

Q.33. Which of the following is not linear?

a. HF b. kB c.H d. HI
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Ans: b. HS (Bent or angular shape3spP =2, BP = 2)

Q.34. The hybridization of P in PCk is

a.sp b.spd c.sjl? d.sp

Ans: b.sgd (LP=0, BP =5)

Q.35. Which one of the following has the regular teahedral structure?

a.Xek b. SF c. BF d. [Ni(CNyJ*

Ans:c. BR (BP =4 & LP =0)

Q.36. Arrange the following molecules in order ofricreasing fundamental vibrational frequencies  (NET 2018)
A< <O<0 h)Q<O <O <0 )OX<Or<O'<O d)a)Q' <0< 0y <OF

Ans:a) X< <O;<*  (B.O.orderis1<15<2<25; BdQuibrational frequencies)

Conclusion

It may be expected that these time economic iniabtnemonics, described in chapter 4, will helpdents,
scholars and educators in chemical education aekdmaduate, Senior Undergraduate and Post-Grathweke
to predict the bond order of homo and heteronuctezlecules or ions and its related properties withiyawing
electronic configuration of diatomic species witfOM. Experimentsin vitro, on 100 students, showed that, by
using these innovative formulae, students can sav 10-15 minutes’ time in the examination hallsblve
different problems regarding bond order and itatesl properties in inorganic chemistry. On the dasithis, |

can strongly recommend using these time economivigtive mnemonics in inorganic chemistry.
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