COMPUTATIONAL CHEMISTRY II

Computingspin-dependentproperties
Ifthe molecule underconsiderationisnotina spinsingletelectronic state(s#0),itcarriesa net non-zero
electronic spin angular momentum.If some of the nuclei in the molecule carries non zero nuclear
spin, the electronic spin can couple with the non-zero nuclear spin. The energetic of this
coupling depends on whether electronic spin, projected along the z-axis is aligned with the
nuclear spin projected on the same axis or is in opposition. The difference in the energies
corresponding to the two possibilities i1s probed in electron spin resonance spectroscopy. The
measurement leads the extraction of isotopic hyperfine splitting or equivalently as hyperfine

coupling constant (ax) of the nucleus x. The theoretical calculation of a, 1s fairly straight forward

and leads to the expression.
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Where g ,B are the electronic ‘g’ factor and the Bohr magnetron respectively. gx, Px are the
corresponding quantities for the nuclei designated as x.<sz> is the average value of the z-
component of the electronic spin angular momentum and p(x) is the Fermi contact integral. If the

wavefunction 'V is represented as a single Slater determinant, the p(x) can be written as,

Px)= Y PE (1) 2y (5} e, (23.2)

In equation (2){%u(rx)~(rx)} is theoverlap ofthebasisfunctions, yand vat thenucleus x. P?"is

uv
the uvthelement ofthespin densitymatrixconstructed in theAO basis.
If the MOs carrying electrons of +% spin (a-spin) and -%spin (B-spin) are expressed

separately as linear combination of the atomic orbital basis set we have,

(P75 sy )= PA) = (K Xypereeieeieennn X3)Cy (23.3)
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Where C, is the NxN, dimensional co-efficient matrix of expansion co-efficient of the a-spin

molecular orbitals, while Cg 1s NxNg dimensional co-efficient matrix of the B-spin molecular

orbitals (C,'S Cy = 1, CB%S Cp = 1, S being the NxN overlap electrons in the AO basis given by,
P’=C, C,' (23.5)
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PP=Cy C5(23.6)
*Piis the difference between P*and PP

p¥= = (p“- PP (23.7)

The spin-density matrix P

If S=0, and each spatial orbital is occupied by two electrons of opposite spin, P* = P? and P#*=0

leading to ax=0. If, S# 0 (=:12,;, etc.), P*# PP PP £, a, £ 0.

IntherestrictedHartree-Fockdescriptionthespatialorbitalsusedtodescribeelectronsofaand -

spinareidentical.So,thecontributiontoPSpincomesonly fromtheorbitalsoccupiedsingly.It
maysohappenthatthesingly occupiedMOhasanodalplanepassingthroughtheatom‘x’.In thatcasetheax
valuewouldbepredictedtothezerointheRHFdescription. Thiswouldbe
wrongasapartfromthedelocalizationcontribution,spindensity ~ isalsocreated  byspin-polarization
which is not accounted forin RHFtheories.

TheUHF methodassignsdifferentspatialorbitalstoaandﬁ-spinelectrons.HencePSPmnaturally

containscontributionfromspinpolarizationaswellasdelocalizationeffects. The probleminUHF

isthatYUHFisnotaneigenfunctionof the Szoperator sothatthe doubletwill

havecontaminationsfromspin quartetand stateswith stillhigher spin multiplicities. (Tripletwill have

contaminations from quintet.etc.)

OnemustthereforeprojectouthigherspincomponentsandtheprojectedUHF spin density matrix should

spin

beusedinthecomputationofP™". Projection after variational optimizationis usuallydone, though it

1s bettertoperform it beforeoptimization.
Note:

1. TheexpressionfortheFermicontactintegralshowsthat P;{f’" ismultipliedwiththe

overlapofthebasisfunctionsr(x), andx,(x)atthenuclearpositionx. Themaximum
amplitudeofthebasisfunctionatnuclearposition(x)comesfromthe s-typeatomic
orbitalsinthebasis. Unfortunatelythecoreorbitalsarenotusuallyendowedwiththe

samedegreeofflexibility asthevalenceorbitalsinthebasisandthiscouldaffectthe computed

couplingconstant (ax).

2. ThenuclearcuspbehaviorisbetterrepresentedwhenSlatertypeofatomicorbitalsareused.

TheGTOsarerelativelyunsatisfactoryin this respect.
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3. Thederivationofequation(1)followseasilyfromtheapplicationof Hellmann-Feynmann
theorem (HFT)tothemolecular electronicHamiltoniancontaining anaddictionperturbationarising

fromtheinteraction between theelectronicspin and nuclearspin magneticmoments.
4. AtthepostHartreeFocklevel,bothMP2andDFTecalculationarerecommendedforthe calculation

ofaxvalues.





