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Chapter-7
INNOVATIVE METHOD FOR THE PREDICTION OF SPIN MULTIPLICITY

Arijit Das
Department of Chemistry, Bir Bikram Memorial College, Agartala, Tripura, India
Email: arijitdas78chem@gmail.com

In the previous chapter 6, formulae-based mnemdme® been discussed to predict the magnetic gieper
and bond order of diatomic species having the tatatber of electrons (1-20) without drawing thd@cgronic
configurations through molecular orbital theory @4T.). In this chapter 7, spin multiplicity valubave been
predicted by other innovative method without cadtimg total spin quantum numbers (S) of elements,
molecules or ions, and coordination compounds. 8pitiplicity is also very essential to constit@@mic term
symbol, £5*1L;), along with resultant vectors L and J in co-oadion chemistry, L is also known as resultant
orbital angular momentum quantum number.

Spin multiplicity value and its corresponding spinstate, first discovered by Friedrich Hund in 1925The
formula which is generally used for the predictmfnspin multiplicity value is [(2S+1), where SZs = total
spin quantum no] is time-consumigo keep the matter in mind some simple innovativeemonics has to be
introduced for calculation of spin-multiplicity vwa# and thus its corresponding spin state in theegtaway by

ignoring the calculation of total spin quantum n@n{s =Xs).

METHODOLOGY
A. Conventional method for prediction of the spin multiplicity of elements and

compounds

The formula, which is generally used for the prédit of spin multiplicity value i§2S+1), where, S Xs =

total spin quantum number.

B. Innovative method for prediction of the spin multiplicity of elements and

compounds

First, classify the unpaired electrons of specsriis, molecules, ions or complexes) for whichsibia

1.J. E. Huheey, et.alnorganic Chemistry (Pearson, #ed., India: 2006), 711-715.
2.T. Engel and P. Reifhysical Chemistry (Pearson Benjamin-Cummings: 2006), 473, 477-479
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multiplicity value should be evaluated into thrgpds based on the nature of alignméritxt
i) Species having unpaired electrons in upward aligment (1):
In this case, spin multiplicity = (n+1); whee n = number of unpaired electrons
il) Species having unpaired electrons in downwardlgnment (|):
In this case spin multiplicity = (-n+1); Hee (-ve) sign indicate downward arrow.
iii) Species having unpaired electrons in both mixe@alignments ¢)(|) :
In this case spin multiplicity = [(+n) + (n) + 1];
where n = number of unpaired electrons. Here, (+veand (—ve) sign indicate upward and downward

alignment of electrons, respectively.

RESULTS AND DISCUSSION

A. Prediction of the spin multiplicity of elements, molecules, and compounds by

the conventional method

The formula, which is generally used for the prédit of spin multiplicity value is (2S+1), where,=Sts =
total spin quantum number.

In case of element, molecules or ions and coordinapmpounds, first, draw electronic configuratiamth the
help of Aufbau principle, Molecular orbital theofiOT) and CFT (crystal field theory) respectivethen
calculate the total spin quantum number (S) foraim®a electrons present in them, then, evaluatéad sp
multiplicity value by putting the value of S in (28) and thus get the corresponding spin statelksvi

Ex.a. Prediction of spin multiplicity value for mangaeden (Z = 25)

Electronic configuration of Mn, using Aufbau pripta, is 18, 2¢, 21, 3¢, 3@, 4¢, 3

T 0 0 0 (3P electronic distribution in five d orbitals)
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Here, s = +1/2 +1/2 +1/2 +1/2 +1/2, s = spin quantwmber, which is (+1/2) and (-1/2) for upward and
alignment of electrons respectively. Here Ss= total spin quantum number = (+5/2), hence, spiltiplicity
value = 2S + 1 =2 (+5/2) + 1 = 6 (spin state -tesx

Ex.b. Prediction of spin multiplicity value for oxygenatecule Q (16€s)

Electronic configuration of ©having 16 electrons, using molecular orbital tye@d.0.T.), is61&, 618, 62¢,

6 28, 62pf, M2l M2py’, T 2pxt, T 2pyt (Fig.4.23).From this electronic configuration, it is clearthia O, there is
two (02) unpaired electrons in two anti bonding ecolar orbitals# 2px, '2py) , for which S =Xs = total spin
guantum number = (+1/2) + (1/2) = 1, hence, spiitiplicity value =2S +1 = 2 (1) + 1 = 3 (spinag —

triplet).
Molecular Orbital Diagram of O = 14 es

¥-__-; ;j;_:i‘.’f?.‘ﬁ%“‘*{‘f7.7}'?'::;.;‘_:;..5:.'_1._ _— -

astrt® Fhg = ; |

il |88

2 .

Bond order =Npymo-Nagmo /2=10-6/2=4/2=2(0=0)

Fig.4.23: Molecular orbital diagram of Oz

Ex.c. Prediction of spin multiplicity value for moleculen G,* (15€s)

Electronic configuration of © having 15 electrons, using molecular orbital tged1.0.T.), isc1&, 6"1&, 62&,
628, 62p7, M2pd, Topy?, T 2pit, W 2py°. From this electronic configuration, it is cleartthia O,", there is one (01)
unpaired electron in one anti bonding moleculaitalifr”2px) , for which S =Xs = total spin quantum number =

+1/2, hence, spin multiplicity value = 2S + 1 {(+4/2) + 1 = 2 (spin state — doublet).
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Ex.d. Prediction of spin multiplicity value for a highpia Mr?* octahedral complex (38d Electronic
configuration for a high spin Mt octahedral complex (3d using crystal field theory (CFT), ist, &2 where,
number of unpaired electrons in upward alignment 5. Here S =£s = total spin quantum number = +5/2,
hence, spin multiplicity value = 2S + 1 = 2 (+5#2) = 6 (spin state — sextet).

B. Prediction of the spin multiplicity of elements, molecules, and compounds by

innovative method

First of all, classify the species (atoms, molesulens or complexes) for which spin multiplicitglue and its
corresponding spin state should be evaluated hmeettypes based on the nature of alignment of itegha
electrons (upward, downward, or mixed alignmen@spnt in them.

i) For upward alignment of electrons

Spin multiplicity = (n +1), where, n = number of urpaired electrons.

Ex.

0 (1n (1
For above three electronic representations, () afid (Ill), spin multiplicity = (n +1) = (1+1) 2 (spin state =

doublet); (2+1) = 3 (spin state = triplet) and (1= 4 (spin state = quartet) respectively.

gt v g

(V) V)
For above two electronic representations, (V) & spin multiplicity = (n +1) = (2 + 1) = 3 (irhts case

ignore paired electrons) (spin state = triplet) éhd 1) = 2 (spin state = doublet) respectively.

FRREEAL

(V1)

For above electronic representation (VI), spin iplitiity = (n +1) = (0 + 1) = 1 (spin state = sieg)l.
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ii) For downward alignment of electrons

Spin multiplicity = (-n +1), where, n = number of npaired electrons

Ex.

v (Vi (1X)
For above three electronic representations, (ML) and (1X), spin multiplicity = (-1 + 1) = 0(-2 + 1) = -1

and (-3 + 1) = -2 respectively.

R FE R

X) (X1)
For above two electronic representations, (X) &€yl pin multiplicity = (-n + 1) = (-2 + 1) = -1ginore paired

electrons) and (-1 + 1) = 0 respectively.

iii) For mixed (upward & downward) alignment of electrons (completely

hypothetical assumption)

Spin multiplicity = [(+n) + (-n) +1], where, (+n) = upward directed unpaired electron and (-n) =
downward directed unpaired electron.

Ex.

(XI1) (X1 (XIV)
For above three electronic representations, (X4)I) and (X1V), spin multiplicity = [(+n) + (-n)+1] = [(+1) +
(-1) + 1] = 1 (spin state = singlet); [(+2) + (-#)1] = 2 (spin state = doublet) and [(+3) + (-2) =12 (spin state
= doublet) respectively.
For 1, 2, 3, 4, 5, 6 or > 6 spin multiplicity vatugn+1), the corresponding spin state will be glsin doublet,

triplet, quartet, quintet, sextet or multiplet, pestively.
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Spin multiplicity and spin state value

Number of Unpaired electrons (n) Spin muiplicity value Spin State
01 02 Doublet
02 03 Triplet
03 04 Quartet
04 05 Quintet
05 06 Sextet
> 05 > 06 Multiplet

APPLICATION OF INNOVATIVE METHOD FOR THE PREDICTION OF SPIN

MULTIPLICITY VALUE OF ELEMENTS, MOLECULES OR IONS AND CO-ORDINATION

COMPOUNDS:

In case of element, molecules or ions and coordinapmpounds, first, draw electronic configuratiamth the
help of Aufbau principle, Molecular orbital theofiOT) and CFT (crystal field theory) respectivethen
calculate the number of unpaired electrons (n)girem them, then evaluated spin multiplicity valmeputting

the value of ‘n’ in the innovative formulae and shget the corresponding spin state as follows:

Prediction of the spin multiplicity of the element:

Ex. Prediction of spin multiplicity value for mangaeein (Z = 25) by drawing electronic configuratiorithw

the help of the Aufbau principle and Hund's rule.

Electronic configuration of Mn using Aufbau printgpis 138, 22, 2, 3¢, 3¢, 4, 3P

[ R R

(3P electronic distribution in five d orbitals)
Here, n = number of unpaired electrons = 5, hesp®, multiplicity value = (n + 1) = (n + 1) = 5%= 6 (spin

state — sextet).

Prediction of the spin multiplicity of molecule:

Ex. Prediction of spin multiplicity value for oxygen tecule Q (16es) by drawing electronic configuration

with the help of molecular orbital theory (MOT).



75

Electronic configuration of ©having 16 electrons, using molecular orbital tye@d.0.T.), isc1&, 6718, 624,
0 28, Oopty Topd, Topys T 2px, T 2pyt (Fig.4.23). From this electronic configuration, nnember of unpaired
electrons = 2, hence, spin multiplicity value ={f) = 2 + 1 = 3 (spin state — triplet).

Prediction of the spin multiplicity of molecular ion:

Ex. Prediction of spin multiplicity value for moleculam O;* (15es) by drawing electronic configuration with
the help of molecular orbital theory (MOT).

Electronic configuration of © having 15 electrons, using molecular orbital tge®1.0.T.), isc1d, 6" 18, 628,

0 28, Oop, Mo, Topy?s T 2px, T 2py’- From this electronic configuration, n = numberuobaired electrons = 1,
hence, spin multiplicity value = (n + 1) = 1 + PZspin state — doublet).

Prediction of the spin multiplicity of high spin and low spin coordination

compounds:

Ex.a. Prediction of spin multiplicity value for high spin and low spin octahedral complexes (coordinan

no 6) of first-row transition series elements (3tto 3d9).

As per CFT, the five degenerate (same energy) datslof octahedral complexes in presence of ligheld
(LF) splits into two set:f and g. Three-d orbitals (dxy, dyz, dxz) formyset and rest two d orbitals.fg., d.?)
form g set. In octahedral splitting, & set will be lower in energy than set. The energy difference between
tog and g set is to be treated as crystal field splittingrery of octahedral distortion and it is represerited,

(Fig.7.24).

(eyset)
(tog set) l;:l

\

(taygset)

d d
o fe o | Ao (Crystal field splitting energy)

’ N ]
d><2-\(2dz2
‘j (eg et
(egs€Y) I: (Five degenerate d orbitals) I:I:I:' (tag S€)

(In absence of Ligand Field) (Octahedral distortion in LF)

Ao > At
(Crystal field splitting energy)

(Tetrahedral distortion in LF)

Fig.7.24: Splitting of d orbitals in Crystal Field Theory (CFT)
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Electronic configuration (E.C.) for low spin (LS) octahedral complexes with CFT and their corresponding
spin multiplicity value and spin state can be calculated as follows:

For 3d(LS), electronic representation —»g{te), E.C. — (i4',&), number of unpaired electron (n) = 1, spin
multiplicity value (n+1) = (1+1) = 2, spin statedsublet.

For 3d(LS), electronic representation —»4{t2e,), E.C. - t7,6°, number of unpaired electron (n) = 2, spin
multiplicity value (n+1) = (2+1) = 3, spin statetifplet.

For 3d(LS), electronic representation »gt3e), E.C. - t,° number of unpaired electron (n) = 3, spin
multiplicity value (n+1) = (3+1) = 4, spin stategaartet.

For 3d(LS), electronic representation ».{£34e,%), E.C. - t5*,&,°, number of unpaired electron (n) = 2, spin
multiplicity value (n+1) = (2+1) = 3, spin statetigplet.

For 3&(LS), electronic representation —»g{t>*5e,), E.C. - t5°,6°, number of unpaired electron (n) = 1, spin
multiplicity value (n+1) = (1+1) = 2, spin statedsublet.

For 3(LS), electronic representation »{£345%?), E.C. - $5,e,°, number of unpaired electron (n) = 0, spin
multiplicity value (n+1) = (0+1) = 1, spin statesisiglet (lowest spin state)

For 3d(LS), electronic representation »{£->45%g,"), E.C. - $,e4', number of unpaired electron (n) = 1, spin
multiplicity value (n+1) = (1+1) = 2, spin statedsublet.

For 3d(LS), electronic representation »gtt>4%8,"8), E.C. - ts%,6,%, number of unpaired electron (n) = 2, spin
multiplicity value (n+1) = (2+1) = 3, spin statetifplet.

For 3&(LS), electronic representation —»gt£34%%¢,/89, E.C. - $f,6° number of unpaired electron (n) = 1,
spin multiplicity value (n+1) = (1+1) = 2, spin t&ds doublet.

For 3d9(LS), electronic representation »g{t>458g,"8919, E.C. - $F,6,*, number of unpaired electron (n) = 0,
spin multiplicity value (n+1) = (0+1) = 1, spin tassinglet (lowest spin state)

Electronic configuration (E.C.) for high spin (HS) octahedral complexes with CFT and their corresponding
spin multiplicity value and spin state can be calculated as follows:

For 3d(HS), electronic representation »g{g,’), E.C. — (4'.&,°), number of unpaired electron (n) = 1, spin
multiplicity value (n+1) = (1+1) = 2, spin statedsublet.

For 3d¢(HS), electronic representation »4tf,e), E.C. — (76", number of unpaired electron (n) = 2, spin

multiplicity value (n+1) = (2+1) = 3, spin statetigplet.
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For 3d(HS), electronic representation »{£>e,°), E.C. — (1°,&°), number of unpaired electron (n) = 3, spin
multiplicity value (n+1) = (3+1) = 4, spin stategaartet.

For 3d(HS), electronic representation -3 e,%), E.C. — (i°,6,'), number of unpaired electron (n) = 4, spin
multiplicity value (n+1) = (4+1) = 5, spin stategaintet.

For 3(HS), electronic representation »tf3e5*9), E.C. — (35%,67), number of unpaired electron (n) = 5, spin
multiplicity value (n+1) = (5+1) = 6, spin statesisxtet(highest spin state)

For 3d(HS), electronic representation »f€3e,*° ), E.C. — (15*,6,%), number of unpaired electron (n) = 4,
spin multiplicity value (n+1) = (4+1) = 5, spin &ds quintet.

For 3d(HS), electronic representation +5t{f3e;*5, t:>7), E.C. — (1°,6,%), number of unpaired electron (n) = 3,
spin multiplicity value (n+1) = (3+1) = 4, spin t&ds quartet.

For 3d(HS), electronic representation =gt3e5*5 579, E.C. — (£°,6,%), number of unpaired electron (n) =
2, spin multiplicity value (n+1) = (2+1) = 3, spitate is triplet.

For 3d(HS), electronic representation s5tt3e,*5, 7860, E.C. — (3,6°), number of unpaired electron (n)
=1, spin multiplicity value (n+1) = (1+1) = 2, spstate is doublet.

For 3d9(HS), electronic representation -4t e,*5, 278619, E.C. — (§°,6,%), number of unpaired electron
(n) = 0, spin multiplicity value (n+1) = (0+1) = §pin state isinglet (lowest spin state)

Ex.b. Prediction of spin multiplicity value for high spin and low spin tetrahedral complexes (coordirtéon

no 4) of first-row transition series elements (3tito 3d9).

As per CFT, the five degenerate (same energy) datslof tetra complexes in presence of liganddfi@lF)
splits into two setzt and g. Three-d orbitals (dxy, dyz, dxz) formy$et and rest two d orbitalss$g,, d.?) form

gy set. In tetrahedral splitting, & set will be higher in energy thag ®et. The energy difference betwegraed

tog Set is to be treated as crystal field splittingergy of tetrahedral distortion and it is represdnigy A
(Fig.7.24).

Electronic configuration (E.C.) for high spin (HS) tetrahedral complexes with CFT and their corresponding
spin multiplicity value and spin state can be calculated as follows:

For 3d(HS), electronic representation —X(&g’), E.C. — (§.&%), number of unpaired electron (n) = 1, spin
multiplicity value (n+1) = (1+1) = 2, spin statedsublet.

For 3d¢(HS), electronic representation -&tx,"), E.C. — (3,67, number of unpaired electron (n) = 2, spin

multiplicity value (n+1) = (2+1) = 3, spin statetifplet.
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For 3d(HS), electronic representation &tx.%), E.C. — (3,672, number of unpaired electron (n) = 3, spin
multiplicity value (n+1) = (3+1) = 4, spin stategaartet.

For 3d(HS), electronic representation (& t:¢>%), E.C. — (32,62), number of unpaired electron (n) = 4, spin
multiplicity value (n+1) = (4+1) = 5, spin stategaintet.

For 3(HS), electronic representation -&t>*9, E.C. — (35%,67), number of unpaired electron (n) = 5, spin
multiplicity value (n+1) = (5+1) = 6, spin statesisxtet(highest spin state)

For 3d(HS), electronic representation -{&t,>*5ef), E.C. — (i5°,6,%), number of unpaired electron (n) = 4,
spin multiplicity value (n+1) = (4+1) = 5, spin &ds quintet.

For 3d(HS), electronic representation '(&t>*°e,%7), E.C. — (§°,&"), number of unpaired electron (n) = 3,
spin multiplicity value (n+1) = (3+1) = 4, spin t&ds quartet.

For 3d(HS), electronic representation 4'{&tg>*5e,87",t2s), E.C. — (84',65%), number of unpaired electron (n) =
2, spin multiplicity value (n+1) = (2+1) = 3, spitate is triplet.

For 3d(HS), electronic representation X€t:s>*5 68", 1289, E.C. — (§,65%), number of unpaired electron (n)
=1, spin multiplicity value (n+1) = (1+1) = 2, spstate is doublet.

For 3d9HS), electronic representation —(&ti>*5e,°7,t:3%19, E.C. — (§,6,%), number of unpaired electron
(n) = 0, spin multiplicity value (n+1) = (0+1) = §pin state isinglet (lowest spin state)

Electronic configuration (E.C.) for low spin (LS) tetrahedral complexes with CFT and their corresponding
spin multiplicity value and spin state can be calculated as follows:

For 3d(LS), electronic representation —(&), E.C. — (°,6'), number of unpaired electron (n) = 1, spin
multiplicity value (n+1) = (1+1) = 2, spin statedsublet.

For 3d(LS), electronic representation —&étxy’), E.C. — (i°,6,%), number of unpaired electron (n) = 2, spin
multiplicity value (n+1) = (2+1) = 3, spin statetigplet.

For 3d(LS), electronic representation —(&3t;), E.C. — (3,&°), number of unpaired electron (n) = 1, spin
multiplicity value (n+1) = (1+1) = 2, spin statedsublet.

For 3d(LS), electronic representation &34t,"), E.C. — (1°,6;%), number of unpaired electron (n) = 0, spin
multiplicity value (n+1) = (0+1) = 1, spin statesisiglet (lowest spin state)

For 3(LS), electronic representation —%&34txs°), E.C. — (i4',6,%), number of unpaired electron (n) = 1, spin

multiplicity value (n+1) = (1+1) = 2, spin statedsublet.
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For 3(LS), electronic representation ¥(&34t,¢°9), E.C. — (32,6"), number of unpaired electron (n) = 2, spin
multiplicity value (n+1) = (2+1) = 3, spin statetifplet.

For 3d(LS), electronic representation —(&34t,>®%, E.C. — (i5°,65%), number of unpaired electron (n) = 3,
spin multiplicity value (n+1) = (3+1) = 4, spin &ds quartet.

For 3d(LS), electronic representation —-'(&>4t,s>%"9, E.C. — (i5*,65%), number of unpaired electron (n) = 2,
spin multiplicity value (n+1) = (2+1) = 3, spin &ds triplet.

For 3(LS), electronic representation —(&34t,:>% 789, E.C. — (§2,&%), number of unpaired electron (n) = 1,
spin multiplicity value (n+1) = (1+1) = 2, spin &ds doublet.

For 3d9LS), electronic representation —&34t,;>67891, E.C. — (£°,e,%), number of unpaired electron (n) =

0, spin multiplicity value (n+1) = (0+1) = 1, spétate issinglet (lowest spin state)

From the above data of spin multiplicity valuestib8®(HS) octahedral and tetrahedral complexes, carb#xhi
highest spin state, ‘sextet’, corresponding to gpintiplicity value ‘6’ and number of unpaired elens 5,
among all. On the other hand, ®3dS) octahedral, 34 (LS) octahedral, 34 (HS) octahedral, 38 (HS)
tetrahedral, 3t(LS) tetrahedral and 38(LS) tetrahedral complexes can exhibit lowest sgiimte, ‘singlet’,

corresponding to spin multiplicity value ‘1’ andmber of unpaired electron 0, among all.

PROBLEMS ON SPIN MULTIPLICITY

Q.1. The spectroscopic ground state term symbolsifehe octahedral aqua complexes of Mn(ll), Cr(lll)
and Cu(ll), respectively, are (NEDD6)

a)?H, *F and’D b)eS, *F and’D cyH, 2H and?D d)’S, *F and?P

Ans: b)®S, 4F and?D [E.C. of Mn(ll) is 3&, number of unpaired electrons (n) = 5, spin mliffity = (n+1) =
(5+1) =6; E.C. of Cr(lll) is 3§ number of unpaired electrons (n) = 3, spin mlidiyy = (n+1) = (3+1) =4 and
E.C. of Cu(ll) is 3d, number of unpaired electrons (n) = 1, spin mlidfity = (n+1) = (1+1) =2].

Q.2. The lowest energy term for the &lconfiguration is (NET 2016)

a)D b)°D c)P d}'D

Ans: b)°D [for E.C. &, number of unpaired electrons (n) = 4, spin mlidliy = (n+1) = (4+1) =5].
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Conclusion

It may be expected that these time economic inmevahnemonics, described in this chapter 7, willphe
students and educators, in chemical education détgnaduate, Senior Undergraduate and Post-Grathvate
to predict the spin multiplicity values and thu® tborresponding spin state, from the number of wega
electrons (n) only, without calculating total sgjmantum numbers (S)t will help to constitute a rapidly
atomic term symbol in the group theory of inorganicchemistry. Experiments,in vitro, on 100 students,
showed that by using these innovative formulae stahts can save up to 2-3 minutes’ time in the
examination hall to solve different problems relatd spin multiplicity and its related properties like spin
state, atomic term symbol etcin inorganic chemistry. Based on this, | can strongly recommend using

these time economic innovative mnemonics in inorganchemistry.
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