Molecular structure

The concepts developed in Chapter 9, particularly those of orbitals, can be extended to
a description of the electronic structures of molecules. There are two principal quantum
mechanical theories of molecular electronic structure. In valence-bond theory, the starting
point is the concept of the shared electron pair. We see how to write the wavefunction
for such a pair, and how it may be extended to account for the structures of a wide variety
of molecules. The theory introduces the concepts of ¢ and n bonds, promotion, and
hybridization that are used widely in chemistry. In molecular orbital theory (with which the
bulk of the chapter is concerned), the concept of atomic orbital is extended to that of mole-
cular orbital, which is a wavefunction that spreads over all the atoms in a molecule.

In this chepter we condder the orign of the strengths, numbers, and three-
dimendond arrangement of chemica bonds between atoms. As we dhall see, dl
chemicd bonding can be traced to the interplay between the attraction of opposte
charges, therepulgon of likedharges, and the effect of changingkineticenergy asthe
dectronsareconfined to variousregionswhen bondsform.

The quantum mechanical description of dnemicd bonding has become highly
developed through the use of computers, andit isnow possbleto consder thestruc-
tures of molecules of amost any complexity. We dhall concentrate on the quantum
mechanica description of the covalent bond, which was identified by G.N. Lewis
(in 1916, before quantum mechanics wasfully established) asan dectron pair shared
between two neighbouring atomsand denoted A-B. We shdll see, however, that the
other prinapal type of bond, an ionic bond, in which the cohesion arises from the
Coulombicattraction between ions of opposite charge, isd o captured asalimiting
case of aocovaent bond between dissmilar atoms

Therearetwo major approachesto thecal culation of molecular structure, valenoe-
bond theory (VB theory) and molecular orbital theory (MO theory). Aimog dl
modern computationa work makes use of MO theory, and we concentrate on that
theory in this chapter. Valence-bond theory, thoudh, has left its imprint on the
language of chemistry, and it isimportant to know the dgnificance of terms that
chemistsuseevery day. Therefore, our discussion isorganized asfollows. First, weset
out the conogpts common to all levels of desaription. Then we present VB theory,
which gves us a s mple quditative understanding of bond formation and its assod-
ated language. Next, we present the basic ideas of MO theory. Findly, we see how
ocomputationa techniques pervade dl aurrent discussons of maolecular structure,
indudingthe prediction of chemical reactivity.
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Fig. 10.1 A molecular potentid energy
aurve. Theequilibrium bondlength R,
oorregpondsto theenergy minimum.

Abrief comment

The dissociation energy differs from the
depth of the well by an energy equal to
the zero-point vibrational energy of the
bonded atoms: Dy=D, - %hv, where vis
the vibrational frequency of the bond
(Section 12.8).

The Born-Oppenheimer approximation

ey point The nude of atoms in a moleaule are regarded asfixed at sdected locations, and the
Schrodinger equation isthen solved for thewavefunction of theelectronsaone.

All theoriesof molecular sructuremakethesamesmplification at theoutset. Whereas
the Schrodinger equati on for ahydrogen atom can be solved exactly, an exact solution
isnot posshble for any molecule because even the smplest molecule congsts of three
partides(two nudei and onedectron). Wetherefore adopt the Born—-Oppenheimer
approximation in which it issupposed that the nudei, beingso much heavier than an
dectron, moverdativdy dowly and may be treated as gationary while the dectrons
movein thar fidd. That is wethink of the nudei asfixed at arbitrary locations, and
then solvethe Schrédinger equation for the wavefunction of thedectronsalone.

Theapproximation isquitegoodfor g-ound-state molecules, for calaulationssuggest
that thenudei in H, movethrough only about 1 pm whilethedectron speedsthrough
1000pm, soeven inthiscasetheerror of assumingthat thenude aregtationary issmall.
Exoeptions to the approximation’s vaidity indude certain exdted states of poly-
atomi cmoleaulesandtheground gatesof cations both typesof speciesareimportant
when cond dering photod ectron spectrosoopy (Section 10.4) and mass spectrometry.

TheBorn-Oppenheimer gpproximation dlowsusto sdect an internudear separa-
tion in adiatomicmolecule and then to solvethe Schrodinger equiation for thed ectrons
at that nudear sgparation. Then we choose a different separation and repeat the cal-
aulation, and so on. In thisway wecan explore how theenergy of themoleaule veries
with bondlengthandobtain amolecular potential energy curve(Fig. 10.1). Itiscalled
a potential energy curve because the kinetic energy of the gationary nude is zero.
Oncethecurvehasbeen calaulated or determined experimentally (by usngthespec-
troscopictechniquesdescribedin Chapters 11 and 12), wecan identify theequilibrium
bondlength, R,, theinternudear sgparation at theminimum of thecurve, andthebond
dissodation energy, Dy, which is dosdly related to the depth, D, of the minimum
bdow theenergy of theinfinitdy widdy separated and stationary atoms. When more
than onemadecular parameter ischangedin apolyatomicmaleaule, such asitsvarious
bondlengthsand anges weobtain apotential energy surfacg the overall equilibrium
shape of the molecule correspondsto thegobd minimum of the surface,

Valence-bond theory

Vdence-bond theory was the first quantum mechanica theory of bonding to be
developed. Thelanguageit introduaced, which ind udes conogpts sudh aspin pairing,
¢ and & bonds, and hybridization, is widdy used throughout chemistry, espedally
in the description of the properties and reactions of organic compounds. Here we
ummarize essntia topics of VB theory that should be familiar from introductory
chemistry and set the stagefor thedevd opment of MO theory.

10.1 Homonuclear diatomic molecules

eypoint InVBtheory, abondformswhen an dectroninan atomicorbital on oneatom pairsits
spin with that of an electronin an atomicorbital on another atom.

We begin the acoount of VB theory by consdering the smplest possible chemica
bond, theonein molecular hydrogen, H,,. Thespatial wavefunction for an dectron on
each of twowiddy ssparated H atomsi's
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¥ Z1s (M) AH1(r2) (10.7)

if electron 1ison atom A and electron 2 ison atom B; in this chapter weuse y (chi)
to denote atomic orbitals. For smplidty, we shal write this wavefunction as
¥ A(1)B2). When the atoms are dosg, it is not posible to know whether it is
dectron 1 or dectron 2 that is on A. An equdly vdid description is therefore
w A(2B1),inwhich dectron 2ison A anddectron 1ison B. When two outcomes
are equdly probable, quantum mechanics indructs us to desribe the true state of
the system asa superposition of the wavefunctionsfor each possibility (Section 7.5¢),
0 a better desription of the molecule than eéthe wavefunction aloneis one of the
(unnormdized) linear combinations w  A(1)B(2)  A(2)B(1). The combination
with lower energy istheonewith a  ggn, so the valence-bond wavefunction of the
dectronsin an H, moleauleis

y AB2 AE() faenoeod] - (109)

Thereason why thislinear combination hasalower energy than either the ssparate
atomsor thelinear combination with anegative sgn can betraced to theconstructive
interference between the wave patterns represented by the terms A(1)B(2) and
A(2)B(1), andthereaultingenhancement of the probability dengty of thedectronsin
theinternudear region (Fig. 10.2).

The dectron digribution described by the wavefunction in egn 10.2 iscdled as
bond. A ¢ bondhascylindrical symmetry around theinternudear axis, andisso caled
because, when viewed d ongtheinternudear axis it resemblesapair of dectronsin an
sorbital (and ¢ isthe Gresk equivdent of § .

A chemig’s picture of a covdent bond is one in which the spins of two electrons
pair as the atomic orbitds overlap. The origin of the role of oin, as we show in the
following udifiction, isthat the wavefunction in egn 10.2 can be formed only by
apar of spin-paired dectrons. Spin pairing isnot an end in itsdf: it isa means of
achievingawavefunction and theprobability distribution impliesthat it corresponds
toalowenergy.

ustification 10.1 Electron pairing in VB theory
The Pauli principle requires the overal wavefunction of two dectrons, the wave-

function induding spin, to change sgn when the labds of the dectrons are
interchanged (Section 9.4b) . Theoverall VB wavefunction for two €lectronsis

v(12)  A(NB2) A(QBE1) o(1.2)

where G representsthe soin component of the wavefunction. When thelabels 1 and
2 areinterdhanged, thiswavefunction becomes

w(21)  AQB) A(MB2 o(21) AMNB2 A2B(1) a(21)
ThePauli principlerequiresthat w(2,1) (1,2, whichissatidiedonlyif ¢(2,1)
&(1,2). Thecombination of two spinsthat hasthisproperty is

o (1,9 (12'9 o1)B(2 —(QP(1)

which correspondsto paired dectron spins (Section 9.8). Therefore, we condude
that the state of lower energy (and hence the formation of a chemical bond) is
achievedif thedectron spinsare paired.

TheVBdesription of H, can beapplied to other homonudear diatomicmolecules.
For Ny, for instance, we congder the valence dectron configuration of each atom,

373

A(2)B(1)

—
A(1)B(2) A(2)B(1) Enhanced
electron density

Fig. 10.2 Itisvery difficult to represent
valence-bond wavefunctionsbecause they
refer totwo dedrons smultaneoudly.
However, thisillugtration isan attempt.
Thetopillugtration representsA(1)B(2),
andthemiddleillustration representsthe
contribution A(2) B(1). When the two
ocontributions are superimposed, thereis
interference between thevarious
oontributions, resultingin an enhanced
(two-dectron) dendty in theinternudiear
region.
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Fig. 10.3 Theorbital overlapand spin
pairing between dectronsin two collinear
p orbitasthat resultsin theformation of
ag bond.

Internuclear axis

Fig. 10.4 A mbondresultsfrom orbital
overlap and spin pairingbetween dectrons
in p orbitalswith their axesperpendicular
to theinternudear axis Thebond hastwo
|obesof dectron density sgparated by a
nodal plane.

Fig. 10.5 Thestructureof bondsin a
nitrogen molecule: thereisone ¢ bondand
two @ bonds. Asexplained later, the overdl
dectron density hascylindrica symmetry
aroundtheinternudear axis.

which is25°2p}2p} 2py. Itisconventiond to takethe z-axisto betheinternudear axis,
0 wecan imagineeach atom ashavinga2p, orbita pointingtowardsa2p, orbita on
theother atom (Fig. 10.3), with the 2p, and 2p, orbita sperpendicular totheaxis A 6
bondisthen formed by spin pairing between thetwo e ectronsin thetwo 2p, orbitals.
Itsspatiad wavefunction is gven by eogn 10.2, but now A and B stand for the two 2p,
orbitas

The remaining N2p orbitds cannot merge to give ¢ bonds as they do not have
oylindrical symmetry around the internudear axis. Instead, they merge to form two
. bonds A p bond arises from the spin pairing of dectronsin two p orbitals tha
approach side-by-side(Fig. 10.4) . It isso called because, viewed dongtheinternudear
axis ambond resemblesapair of dectronsin ap orbital (and & isthe Gresk equivalent
ofp).

Therearetwo m bondsin N,, oneformed by spin pairingin two neghbouring 2p,
orbitds and the other by spin paringin two neighbouring 2py orbitas The overdl
bonding pattern in N, is therefore a ¢ bond plustwo = bonds (Fig. 10.5), which is
oonggent with the Lewisstructure:N7N: for nitrogen.

10.2 Polyatomic molecules

ey point To accommodate the shapes of polyatomic moleaules, VB theory introduces the
oonaepts of promotion and hybridization.

Each ¢ bond in a payatomic madecule isformed by the spin pairing of dectrons
in aomic orbitals with cylindrical symmetry around the rdevent internudear axis
Likewi s, = bonds areformed by pairing dectronsthat ooccupy atomic orbitals of the
appropriate symmetry.

TheVBdesription of H,O will makethisdear. Thevadence-electron configuration
of an O atom is 28°2p52p)2p}. The two unpaired dlectronsin the O2p orbitals can
each pair with an dectron in an H1sorhita, and each combination resultsin thefor-
mation of as bond (each bond has cylindrical symmetry about the respective O—-H
internudear axis). Becausethe2p, and 2p, orbitdslieat 90 to each other, thetwo ¢
bondsalso lieat 90 to each other (Fig. 10.6. We can predict, therefore, that H,O
should bean angular molecule, whichitis. However, thetheory predictsabond ange
of 90 , whereastheactud bondangeis104.5 .

Self-test 10.1  seVBtheory to suggest ashapefor theammonia molecule, NH.

Trigonal pyramida with HNH bond ange 90 ; experimental: 107

Another defidency of thisinitial formulation of VBtheoryisitsinability to account
for carbon’stetravalence (itsability toform four bonds) . Theground-stateconfigura-
tion of Cis252p}2p, which suggeststhat acarbon atom should be capable of form-
ingonly two bonds, not four. Thisdefiaency isovercome by allowingfor promotion,
theexdtation of an dectron toan orbital of higher energy. In carbon, for example, the
promotion of a 2s electron to a 2p orbitd can be thought of as leading to the con-
figuration 2s'2p)2p}2p}, with four unpaired electrons in separate orbitals These
dectronsmay pair with four dectronsin orbitalsprovided by four other atoms(such
asfour H1sorbitdsif themoleauleisCH,), and hence form four ¢ bonds. Although
energy was required to promote the dectron, it ismore than recovered by the pro-
moted atom’sability to formfour bondsin place of thetwo bondsof theunpromoted
atom. Promotion, and the formation of four bonds, is a characteristic feature of
carbon because the promotion energy is quite smdl: the promoted dectron leaves



adoubly occupied 2sorbital and entersavacent 2p orbital, hence sgnificantly rdiev-
ingtheelectron—dectron repulgonit experiencesin theformer. However, wenesed to
remember that promotionisnot a ‘real’ processin which an atom somehow becomes
exdted and then forms bonds it is a notiona contribution to the overal energy
changethat occurswhen bondsform.

The dexription of the bonding in CH, (and other dkenes) is still incomplete
because it impliesthe presence of three ¢ bonds of one type (formed from H1s and
C2p orbitalg andafourth ¢ bondof adiginctly different character (formed fromH1s
and C29). Thisproblem isovercomeby redizingthat theelectron dengity ditribution
in the promoted atom is equivdent to the dectron dendty in which each electron
occupiesahybrid orbital formed by interference between the C2sand C2p orhita s of
thesameatom. The origin of the hybridization can be appredated by thinking of the
four atomic orbitds centred on a nudeus as waves that interfere destructively and
oongtructivay in different regons, and gveriseto four new shapes

Aswe show in thefollowing udification, the spedficlinear combinationsthat give
riseto four equivaent hybrid orbitalsare

h1 S px py pz h2 S px py pZ
hSprpypz h4prpypz
As areault of theinterference between the component orbitals, each hybrid orbita
oonggsof alargelobepointingin thedirection of onecorner of aregular tetrahedron
(Fig. 10.7). The ang e between the axes of the hybrid orbitasisthetetrahedra ange,

arocog( 13)  109.47 . Because each hybrid is built from one sorbita and three p
orbitds it iscalled an sp° hybrid orbital.

sp* hyrid

ortitals (109

ustification 10.2 Determining the form of tetrahedral hybrids

Webegin by supposingthat each hybrid can be written intheformh as b p,

bypy, b,p,. Thehybridhthat pointstothe(1,1,1) corner of acube(Fig. 10.8) must
have equd contributions from dl three p orbitds so we can st the three b
coefficientsequal to each other and writeh; as B(p, p, p,). Theother three
hybridshave the same compostion (they are equivalent, apart from their direction
in spacg), but are orthogonal to hy. This orthogonality is achieved by choosing
different sgnsfor thep orbitalsbut the same overall compostion. For instance, we
mightchooseh, as b p, p, P),inwhich casstheorthogonality condition is

Jmhzdr J(as Boy By, P))(as B pe p, P))dr

B S N S _
a{s?dr bQprd‘r b{pﬁdr b{p%dr abJspxdr bZJpoydr
@ BB a0

Wecondudethat asolutionisa b(thealternativesolution,a b, smply corre-
spondsto choosingdifferent absolute phasesfor the p-orbitals) and the two hybrid
orbitalsarethehy and hyin egn 10.3. A smilar argument but withhy as b p,
P, P)jorh, as bp, p, p)leadstotheother twohybridsinegn 10.3.

It isnoweasy to ssehow thevd ence-bond desoription of the CH,,moleculeleadsto
atetrahedral molecule containingfour equivaent C-H bonds. Each hybrid orbital of
the promoted C atom containsa snge unpaired dectron; an Hiselectron can pair
with each one, givingriseto as bond pointingin atetrahedral direction. For example,
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Fig. 10.6 Afirst approximation to the
vaenoce-bond description of bondingin

an H,0 moleaule. Each ¢ bond arisesfrom
the overlap of an H1isorbita with one of
the O2p orbitals Thismodd suggeststhat
thebond angeshouldbe0 ,whichis
sgnificantly different fromthe
experimental vaue.

Fig. 10.7 An sp° hybrid orbital formed from
the superpostion of send p orbitason the
smeatom. Therearefour such hybrids:
each onepointstowardsthe corner of a
regular tetrahedron. The overdl dectron
densgty remains sohericaly symmetrical .

z

(1,1,1)

Fg. 10.8 One sp° hybrid iscongructed by
supposngthat it pointsto the(1,1,1)
oorner of acube: it hasequal contributions
fromdl threep orbitals
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Fg. 10.9 Each sp®hybrid orbitd forms

a g bondby overlap with an Hisorbital
located at the corner of thetetrahedron.
Thismode accountsfor theequivalence
of thefour bondsin CH,.

the (unnormalized) wavefundtion for the bond formed by the hybrid orbital h; and
the 1s, orbitd (with wavefunction that weshall denoteA) is

v (NA2 (A (104

Asfor H,, to achievethiswavefunction, thetwo € ectronsit describes must be paired.
Because each sp° hybrid orbital hasthe same composition, dl four ¢ bondsareiden-
tical apart from their orientation in space (Fig. 10.9).

A hybrid orbita has enhanced amplitude in the internudear regon, which arises
from the congructiveinterference between the sorbital and the positive lobes of the
porbitals(Fig. 10.10) . Asareault, thebond strength isgreater than for abond formed
from an sor p orbital aone. Thisinareased bond grength isanother factor that heps
to repay the promotion energy.

Hybridization isused to describe the structure of an ethene moleaule, H,C CH,,
and the tordonal rigidity of doublebonds. An ethene moleculeisplanar, with HCH
and HCC bond anges dose to 120 . To reproduce the ¢ bonding structure, we
promote each C atom to a 2s'2p° configuration. However, instead of using all four
orbitdstoform hybrids we form sp? hybrid orbitals:

h, s 2%,
s (9% (D)%, wheid (105
hs s ("% ('
Thesehybridsliein aplaneand point towardstheocornersof an equilateral triangeat
120 toeach other (Fig. 10.11 and Problem 10.17) . Thethird 2p orbital (2p,) isnotin-
dudedin thehybridization; itsaxisisperpendicular to theplanein which the hybrids
lie. The different dgnsof the coeffidents enaure that constructive interference takes

place in different regons of goace, 0 gving the patterns in the illustration. The
sp?-hybridized C atoms each form three ¢ bonds by spin pairing with ether the h,

Resultant

Constructive
interference

Destructive

interference
(b)
Fig. 10.10 A moredetailed representation Fig. 10.11 (& Ansorbital and two p orbitas
of theformation of an sp®hybrid by can be hybridized to form thres equivalent
interference between wavefunctionscentred orbitalsthat point towardsthe corners of
on thesameatomicnudeus. (To smplify the an equilaterd triange. (b) Theremaining
representation, wehaveignoredtheradial unhybridized p orbital isperpendicular to

nodeof the2sorbital.) theplane.



hybrid of the other C atom or with Hisorbitds Thes framework therefore conssts
of C-H and C-C ¢ bondsat 120 to each other. When thetwo CH, groupsliein the
same plane, the two dectronsin the unhybridized p orbitals can pair and form an
bond (Fig. 10.12). Theformation of thist bond locksthe framework into the planar
arrangement, for any rotation of one CH, group relativeto theother leadsto aweek-
eningof ther bond (and consequently an increasein energy of themolecule) .

A dmilar description appliesto ethyne HC7CH, alinear maleaule. NowtheC atoms
aresphybridized, andthes bondsareformed usnghybrid atomicorbitd sof theform

(108

These two hybridslie dong the internudear axis The dectronsin them pair ether
with an dectron in the corresponding hybrid orbitd on the other C aom or with an
dectron in oneof theH1sorbitas Electronsin thetwo remaining p orbitals on each
atom, which are perpendicular to themolecular axis, pair to form two perpendicular
m bonds(Fig. 10.13).

hy s p, hy sp

Self-test 10.2 Hybrid orbitals do not always form bonds: they may aso contain

lonepairsof dectrons. 2 VB theory to suggest possble shapes for the hydrogen
peroxide moleaule, H,O,,.

Each H-0O-0 bond engeispredicted to beapproximatdy

109 (experimentd:94.8 ); rotation around the O-O bond

ispossible, so themoleculeisconformationally mobile

Other hybridization schemes partiaularly thaseinvolvingd orbita s, are often invoked
in dementary desriptionsof molecular gructureto becong stent with other moleculear
geomeiries (Table 10.1). Thehybridization of N atomic orbitalsalwaysreaultsin the
formation of N hybrid orbitals, which may either form bonds or may contain lone
pairs of dectrons. For example, sp°d? hybridization results in sx equivaent hybrid
orbitdspointingtowardsthecornersof aregular octahedron;itissometimesinvoked
to acoount for thestructureof octehedral molecules, such asS,

Table 10.1* Somehybridization schemes
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Fig. 10.12 A representation of the gructure
of adoublebondin ethene; only the
bondisshown expliatly.

Fig. 10.13 Arepresentation of thedructure
of atriplebondin ethyne; only ther bonds
areshown explidtly. Theoverdl electron
densty hascylindrical symmetry around
theaxisof themolecule.

Coordination number Arrangement Composition

2 Linear 0, pd, sd
Angular el

3 Trigonal planar 7, pPd

nsymmetrical planar spd

Trigona pyramidal pa?

4 Tetrehedral 5, o
Irregular tetrahedral spd?, pd, dp®
Squareplanar p?d?, °d

5 Trigona bipyramidal 50°d,
Tetragonal pyramidal soPc, s, patt, pa?
Pentagonal planar ped®

6 Octahedral ok
Trigonal prismatic spd’, pd®
Trigona antiprismatic p’d®

* Source:H. Eyring, . Walter,and G.E. imball, Quantum chemistry, Wiley (1944) .
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Molecular orbital theory

In MO theory, electronsdo not bd ongto particular bondsbut soread throughout the
entiremdecule. Thistheory has been more fully deve oped than VB theory and pro-
videsthelanguagethat iswiddy usedin modern discussonsof bonding. Tointroduce
it, we follow the same grategy asin Chapter 9, where the one-dectron H atom was
taken asthefundamenta goediesfor discusingatomicstructure and then devd oped
into adesription of many-dectron atoms In thischapter weusethesmplest molecu-
lar gpedesof dl, thehydrogen molecule-ion, H,, tointroducetheessentid featuresof
bondingand then useit to desaribethestructures of more complex sysems

10.3 The hydrogen molecule-ion

ey paints (a) A molecular orbital is congructed as a linear combination of atomic orbitals.
(b) Abondingorbital arisesfrom thecongructive overlap of nd ghbouringatomicorbitas. (¢) An
antibondingorbital arisesfrom thedestructive overlap of neighbouringatomicorbitals.

Thehamiltonian for thedngedectroninH ,is

2 A D
2y v £at 1 1P (10.7)
2m, dmey Gy rgy RF

e wherer,; andrg; arethedisancesof theelectron from thetwonudel AandB(1) and

M1 My Risthedistance between thetwo nudei. In theexpression for V, thefirst two termsin

parenthesssaretheattractive contribution from theinteraction between theelectron

A R B andthenudei; theremainingtermistherepulsveinteraction between thenudei. The

collection of fundamenta congtantse? 4mey ooours widdly throughout this chapter,
andwesghall denoteit j,.

The one-dectron wavefunctions obtained by solving the Schrédinger equation

¥ Ewyarecalledmolecular orbitas(MO). A malecular orbita yrgves through the
vaue of 2, the digribution of the dectron in the molecule. A moleaular orbitd is
likean atomicorbitd, but soreadsthroughout themoleaule.

The Schrédinger equation can be solved andytically for H, (within the Born—
Oppenhemer approximation), but thewavefundtionsarevery complicated functions
moreover, the solution cannot be extended to polyatomic systems. Therefore, we
adopt agmpler procedurethat, while more approximate, can e extended readily to
other mdecules.

(a) Linear combinations of atomic orbitals
[T en dectron can be found in an atomic orbital bdongngto atom A and dsoin an

atomicorbital bdongngto atom B, then theoverdl wavefunction isasuperpostion
of thetwo atomicorbitals

Linear comdiration
y NA B Saoricatis | (109

where, for H,, A denotes x44, B denotes g4, and N isanormdization factor. The
technical term for the superpostion in egn 10.8 isalinear combination of atomic
orbitals (LCAQ). An approximate molecular orbital formed from alinear combina-
tion of atomicorbitdsiscdled an LCAO-MO. A mdecular orbitd that hascylindrical
symmetry aroundtheinternudear axis such astheonewearediscussing, iscalledas
orbital because it resembles an s orbital when viewed aong the axis and, more pre-
adsdy, becauseit haszero orbital angular momentum around theinternudeer axis.
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Example 10.1 Normalizing a molecular orbital
Normdlizethemolecular orbital g in egn 10.8.

Method Weneed tofindthefactor N suchthat [y wdr 1. Toprooceed, subgtitute
the LCAQ into thisintegral, and make use of thefact that the atomicorbitasare
individually normaized.

Answer Subgtitution of thewavefunction gives

1 5
Jy/*l,r/d-r Nzngzd-r JBer ZJABdIG N1 1 29
7

where S JABdrt and has a value that depends on the nudear sgparation (this
‘overlapintegral’ will play adgnificant rolelater) . For theintegral tobeequd to 1,
werequire
1
2(1 S 12
InH,, S=0.59, 0N 0.56.

N

(b)
Self-test 10.3 Normdizetheorbita w inegn 10.8.

N 121 9 ', N 110 Fig. 10.14 (a) Theamplitude of the bonding
molecular orbitd in ahydrogen molecule-
ion in aplanecontainingthetwo nude

Figure 10.14 showstheocontoursof constant amplitudefor themolecular orbital and(b) acontour representation of the
in egn 10.8, and Fig. 10.15 shows its boundary surface. Plots like these are readily ~ @mplitude. Tomakethisplot, wehave
obtained usng commerdally available software. The calculation isquitestraightfor-  tkenN? 031 (Example10.1).
werd, because all we need do is feed in the mathematical forms of the two atomic ([ inteetivity ot the 1o orbital for

orbitasandthen let theprogram do therest. In thiscase, weuse = different valuesof theinternudear
distance. Point to thefeatures of the 1
e A & e s @ . .
T — B (Ea%)m (109 orbital that lead to bonding.
andnotethat r, and rg arenot independent (2), but related by Boundary Nudeus
s r2 R 2r,Roos@ 12 (10.10 surface -

(b) Bonding orbitals 4
Aocording to the Born interpretation, the probability dendty of the dectron at each

point in H, isproportiond to the soquare modulus of its wavefunction at that point. -
Theprobability dendty correspondingto the(red) wavefundtion y in egn 10.8is e =
End
v’ NYA? B 2AB (10.11) view

This probability dengty is plotted in Fig. 10.16 and an important feature becomes
apparent when we examinetheinternudear region, whereboth atomic orbitals have S
smilar amplitudes. According to egn 10.11, the total probability density is propor-  fig- 10.15 Ageneral indication of the shepe

tiond to the sum of: of theboundary surface of ac orbital.
A2, the probability dengty if theelectron were confined to theatomic orbital A.
B, theprobability densty if thedectron were confined to the atomic orbital B.
2AB, an extracontribution to thedensty from both atomicorbitals.

This lagt contribution, the overlap densty, is crudal, because it represents an en- A R B
hancement of the probability of finding the electron in theinternuclear region. The 2
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\

Fig. 10.16 Thedectron dendty cadculated by
forming the square of the wavefunction
used to construct Fig. 10.14. Notethe
accumulation of dectron density in the
internudear region.

enhancement can betraced to theconstructiveinterference of thetwo atomicorbitds
each has a poditive amplitude in the internudear region, so the total amplitude is
geater therethen if thedectron wereoconfined toasingeatomic orbital .

We shdl frequently make use of the observation that bonds form when dedrons
acumulate in regons whee atomic orbitals overlap and interfere condrudivdy. The
oonventional explanation of thisobservation isbased on thenotion that accumulation
of dectron dendty between thenude putsthedectron in aposition whereit interacts
grongy with both nudei. Hence, theenergy of themaleauleislower than that of the
sgparateatoms whereeach dectron can interact grongy with only onenudeus This
oonventiond explanation, however, hasbeen cdled into question, becauseshiftingan
dectron away from anudeusinto theinternudear region raisssits potential energy.
The modern (and ill controverdal) explanation does not emerge from the Smple
LCAO treatment given here. It ssemsthat, a the sametimeastheelectron shiftsinto
the internudear regon, the atomic orbitals shrink. This orbitd shrinkage improves
the dectron—nudeus attraction more then it is decreased by the migration to the
internudear region, 0 thereisanet lowering of potential energy. Thekinetic energy
of thedectron isalso modified becausetheaurvature of thewavefunction isdhanged,
but the change in kinetic energy is dominated by the change in potentia energy.
Throughout the following discusion we astribe the strength of chemicd bonds to
the accumulation of dectron dendgty in the internudear region. We leave open the
question whether in molecules more complicated than H, the true source of energy
loweringisthat accumulation itsdf or someindirect but reated effect.

The ¢ orbitd we have dexribed is an example of a bonding orbital, an orbital
which, if occupied, hdpsto bind two atomstogether. Soedificdly, weladbd it 16 asitis
thes orbitd of lowest energy. An electron that occupiesa o orbitd iscalled as dec-
tron and, if thatistheonly dectron present in themolecule (asin theground state of
H,), then wereport theconfiguration of themoleculeas1g’.

Theenergy E; of the 1 orbitd is(seeProblem 10.18):

k
E‘IG EH‘IS

R 1S
where B4 isthe energy of a Hisorbitd, j, Risthe potentid energy of repulsion
between thetwo nudei, and

o

(1012

1 35
S JABdf o1 B %A(;OF Be Ra (10.139)
3 2 7
2 1A D 5
j Jojéd-r ooy %y Bremmag (10.130)
's Rz C af 7
i A RD
K Joﬁ—Bdr = a_F:)FeRao (10,139
B

Wecan interpret thessthreeintegrd sasfollows:

All threeintegrdsarepositiveand dedinetowardszero at largeinternudear sep-
arations(Sand k on acoount of theexponential term; j on acocount of thefactor 1 R).
Theintegrd Sisdiscussed in moredetail in Section 10.4c.

Theintegd j isameasure of theinteraction between anudeusand thedectron
dengty centred on theother nudeus

Theintegd kisameasure of the interaction between a nucleus and the excess
dectron dengty in theinternudear regon arisngfrom overlap.
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Fig. 10.18 Arepresentation of the
oonstructiveinterferencethat ocours
when two H1isorbitdsoverlap and form
abonding s orbital.

Fig. 10.17 Thecalculated and experimenta
molecular potentia energy curvesfor a
hydrogen molecule-ion showingthe
variation of theenergy of themolecule as
thebond length ischanged. Thealternative
g,u notation isintroduced in Section 10.3c.

Figure10.17 isaplot of E,;againg Rréativetotheenergy of theseparatedatoms The
energy of the 16 orbitd decreasesastheinternudear sgparation decreasesfrom large
values because dectron dendty accumulates in theinternudear region as the con-
gructiveinterference between theatomicorbitalsinareases (Fig. 10.18) . However, at
smal ssparationsthereistoo little gpace between thenudei for g gnificant accumule-
tion of dectron dengty there. In addition, the nudeus-nudeusrepulsion (which is
proportiond to 1 R) becomeslarge. Asa result, the energy of the molecule rises at
short digances and thereisa minimum in the potential energy curve. Cdculations
onH,gveR, 130pmandD, 1.77eV (171k mol '); theexperimentd vauesare
106 pm and 2.6 eV, 0 this smple LCAO-MO description of the molecule, while
inaccurate, isnot absurdly wrong.

(c) Antibonding orbitals

Thelinear combination v in egn 10.8 correpondsto ahigher energy than that of yr .
Becauseitisalsoac orbitd welabel it 26. Thisorbital hasan internudear nodal plane
where A and Bcanad exactly (Figs. 10.19and 10.20) . Theprobability dengtyis

v’ NAA’? B> 2AB (10.14)

Thereisareduction in probability dendty between thenude duetothe 2ABterm

(Fig. 10.21); in physca terms thereisdestructiveinterference where the two atomic

orbitds overlap. The 2¢ orhitd isan example of an antibonding orbital, an orbital

that, if cocupied, contributesto areduction in the coneson between two atomseand

hdpsto raisetheenergy of themoleculerdativeto the ssparated atoms

Theenergy B, of the 2¢ antibonding orbital isgiven by (see Problem 10.18)

o 1 K

E 0 1 -

EQG His R 1 S

wheretheintegralsS j, and karethesameasbefore (eqn 10.13). Thevariation of Ey,

with Risshown in Fig. 10.17, where we see the destabilizing effect of an antibonding

(10,15

Region of
destructive
interference

Fig. 10.19 Arepresntation of the
degtructiveinterference that oocurswhen
two H1sorbitasoverlap and form an
antibonding 2 orbital.

(b)

Fig. 10.20 (@) Theamplitudeof the
antibonding molecular orbitd in
ahydrogen molecule-ion in aplane
containingthetwonude and (b) a
contour representation of theamplitude.
Notetheinternudear node.

w interActivity Plot the 2¢ orbital for

=» different valuesof theinternudear
distance. Point to the features of the 2G
orbital that lead to antibonding.
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Fig. 10.21 Thedectron dendty cadculated by
forming the square of the wavefunction
used to construct Fig. 10.20. Notethe
eimination of dectron density from the
internudear region.

Fig. 10.22 A partid explanation of theorign
of bondingand antibonding effects () Ina
bondingorbitd, thenude areattractedto
theaccumulation of eectron densty in the
internuciear region. (b) In an antibonding
orbital, thenude ereattracted toan
accumulation of dectron density outside
theinternudlear region.

Centre of
inversion

Fig. 10.23 Theparity of an orbitd iseven

(g if itswavefunction isunchanged under
inverson through the centre of symmetry
of themolecule, but odd (u) if the
wavefunction changes sgn. Heteronudear
diagtomic moleculesdo not have a centre of
inverson, sofor them the g, u dassfication
isirrdevant.

dectron. Theeffect ispartly dueto the fact that an antibonding dectron is excluded
from the internudear region and hence is digributed largdy outsde the bonding
region. In effect, whereas abonding dectron pullstwo nudei together, an antibond-
ingdectron pullsthenude gpart (Fig. 10.22) . Figure10.17 also showsanother feature
that wedrawonlater: E B3 E  Eyyg, which indicates that the antibonding
orbital ismore antibonding than the bonding orbital isbonding This important con-
dusion stemsin part from the presence of the nudleus-nudeusrepulson (j, R): this
oontribution raises the energy of both molecular orbitals. Antibonding orbitasare
often labdled with an agerisk (*), s0 the 2¢ orbitd could dso be denoted 26* (and
read ‘29gmadar’).

For homonudear diatomicmad ecules(moleculescongistingof twoatomsof thesame
dement, such as N,), it proves helpful to label amolecular orbital according to its
inversion symmetry, thebehaviour of thewavefunction whenit isinvertedthrough the
centre (more formaly, the centre of inverson) of themolecule. Thus, if we consder
any pointon thebondinge orbita, andthen project it through the centre of themaole-
culeand out an equd diganceon theother side, then wearriveat an identical vaueof
thewavefunction (Fig. 10.23) . Thisso-called geradesymmetry (from the German word
for ‘even’) is denoted by a subscript g asin 4. The same procedure gpplied to the
antibonding 26 orbitd resultsin the same amplitude but opposite Sgn of the wave-
function. Thisungeradesymmetry (‘odd symmetry’) isdenoted by asubscript u, asin
G, Thisinverson symmetry dasdfication isnot applicableto heteronudear diatomic
molecules(diatomi cmoleculesformed by atomsfrom two different dements, such as
CO) because these molecules do not have a aentre of inverson. When usngthe g u
notation, each st of orbitals of the same inverson symmetry are labdled separatdy
0, wherees 16 becomes 16, its antibonding partner, which so far wehave called 2g,
isthefirst orbitd of adifferent symmetry, andisdenoted 1o,,. The general ruleisthat
eadh st of orbitalsof thesame symmetry des gnation islabdled ssparatdy.

104 Homonuclear diatomic molecules

ey paoints Electrons are added to available molecular orbitalsin a manner that achieves the
lowest overdll energy. (8) Asa first approximation, ¢ orbitals are constructed separately from
valencesandp orbitas. (b) w Orbitalsare constructed from the sde-by-sdeoverlap of porhitals
of theappropriate symmetry. (9 Theoverlapintegra isameasureof theextent of orbital overlap.
(d) The ground-gate dectron configurations of diatomic molecules are predicted by usng the
building up principle, and the bond order is a measure of the resulting net bonding character.
(e) Photodlectron spectrosoopy isatechniquefor determiningtheenergiesof éectronsin molec-
ular orbitals.

In Chapter 9we used thehydrogenicatomicorbitasand thebuilding-up prinapleto
deducetheground dectronicoonfigurationsof many-dectron atoms Wenow dothe
same for many-eectron diatomic molecules by usng the H, moleaular orbitalsasa
basisfor their discusson. Thegenerd proocedureisto congtruct molecular orbitalsby
oombiningtheavailable atomicorbitds:

1. Theelectronssupplied by theatomsare accommodatedin

theorbitasso asto achievethe lowest overall energy subject to Ellkine e
} . . . pinaple for
the constraint of the Pauli exduson prindple, that no more than moeolics

two dectronsmay occupy asngeorbitd (and then must bepaired).

2. If saverd degeneratemoleaular orbitdsare available, dectronsare added sngy
to each individual orbital before doubly oocupying any one orbital (because that
minimizesédectron—dectron repulsony .
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3. AccordingtoHund’smaximum multiplidty rule(Section 9.4d) , if two electrons
do oocupy different degenerate orbitals, then alower energy isobtained if they do o
with parallel spins.

(a) o Orbitals

Condder H,, the dmplest many-dectron distomic molecule. Each H atom con-
tributesa 1sorbitd (asin H,), so we can form the 164 and 16, orbitalsfrom them, as
we have seen dready. At the experimental internudear separation these orbitals will
havetheenergesshown in Fig. 10.24, which iscdled amolecular orbital energy leve
diagram. Note that from two atomic orbitals we can build two molecular orbitds. In
generd, from N atomicorbitdswe can build N molecular orbitals.

There are two dectronsto acoormmodate, and both can enter 10g by pairing their
oins, asrequired by thePauli prindple(jug asfor atoms, Section 9.4b) . The ground-
gate configuration istherefore 105 andtheatomsare joined by abond consg gting of
an dectron pair in abonding ¢ orbitd. This approach shows that an dectron pair,
which wasthefocusof Lewis'sacoount of chemica bonding, representsthemaximum
number of dectronsthat can enter abondingmolecular orbitd.

The sameargument explains why He does not form diatomic molecules. Each He
atom contributesa 1sorbital, 0 16,and 16, molecular orbitals can be congructed.
Although these orbitals differ in detail from thosein H,, their general shapesarethe
same and we can use the same quditative energy levd diagram in the discusson.
Therearefour dectronstoaccommodate. Two can enter the10g orbitd, butthenitis
full, end the next two must enter the 16, orbitd (Fig. 10.25). The ground dectronic
configuration of He, is therefore 105105. We see that there is one bond and one
antibond. Because 1o, israised in energy relativetotheseparateatomsmorethan 1o,
islowered, an He, molecule has a higher energy than the separated atoms, 0 it is
ungablerdativeto them.

We dhall now see how the concepts we have introduced apply to homonudear
diatomic mdeculesin generd. In elementary treatments, only the orbitals of the
valenoeshdl areused to form molecular orbitals o, for moleculesformed with atoms
from Period 2 dements only the 2s and 2p atomic orbitas are consdered. We shdl
makethat approximation heretoo.

A gened prindple of molecular orbitd theory isthat all orbitalsof theappropriate
symmetry contributeto amadecular orbital. Thus to build ¢ orbitds weform linear
ocombinations of al atomic orbitalsthat have cylindrical symmetry about the inter-
nudear axis These orbitalsindude the 2sorbitals on each atom and the 2p, orbitds
on thetwo atoms(Fig. 10.26) . Thegenera form of thes orbitd sthat may be formed
istherefore

W GuosXnos Ceos¥mos Gaop XA, Geop Xeep, (10.19

From these four atomic orbitals we can form four molecular orbitasof ¢ symmetry
by an gppropriate choice of the coeffidentsc

The procedurefor cdculating the coeffid entswill be described in Section 10.6. At
this stage we adopt asimpler route, and suppose that, because the2sand 2p, orbitals
have distinctly different energies, they may be treated separatdy. That is thefour ¢
orbitasfdl goproximatdy into two sets one congsting of two molecular orbitds of
theform

Y Gostnos CeosXios ( 10. 173)
and another congstingof two orbitalsof theform

4 g\ZpZXAZpZ CBZp;CBZpZ (10-17b)

1o,

Fig. 10.24 A molecular orbita energy leve
diagram for orbitds constructed from the
overlap of Hisorbitals the separation of
thelevds correspondsto that found at the
equilibrium bond length. The ground
electronic confi guration of H, is obtained
by accommodating the two electronsin
thelowes available orbitd (thebonding
orbital).

Fig. 10.25 Theground eectronic
oonfiguration of the hypothetical four-
gectron molecule He, hastwo bonding
eectronsand two antibonding éectrons.
It hasahigher energy than the separated
atoms and soisungable.

2s 2, 2s 2.

A B

Fig. 10.26 Acoordingtomolecular orbital
theory, ¢ orbitalsare built fromall orbitds
that havethe appropriate symmetry.

In homonudear diatomicmoleculesof
Period 2, that meansthat two 2sand two
2p, orbitalsshould be used. From thess
four orbitals four molecular orbitdscan
be built.
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Abrief comment

We number only the molecular orbitals
formed from atomic orbitals in the valence
shell. In an alternative system of notation,
10, and 16, are used to designate the
molecular orbitals formed from the core 1s
orbitals of the atoms; the orbitals we are
considering would then be labelled starting
from 2.

20,

20
9

Fig. 10.27 Arepresentation of the
composition of bonding and antibonding ©
orbitalsbuilt from the overlap of p orbitds.
Theseillustrationsare schematic.

Centre of
inversion

Fig. 10.28 A schematicrepresentation of the
gructureof T bondingand antibonding
molecular orbitds. Thefigurealso shows
that thebonding  orbital hasodd perity,
whereastheantibonding w orbital haseven
parity.

Because atoms A end B are identical, the energes of their 2s orbitals are the same,
0 theooeffidentsareequal (apart from apossibledifferencein sgn) ; thesameistrue
of the 2p, orbitds Therefore, thetwo sets of orbitas havetheform yass ¥z @nd
Xpop, Xeop,

The 2s orbitals on thetwo atomsoverlap to gve abondingand an antibonding ¢
orbitd (16,and 16, respectively) in exactly the sasmeway aswe havealready seen for
1sorbitals Thetwo 2p, orbitasdirected alongtheinternudear axis overlap strongy.
They may interfere either condructively or destructively, and gveabondingor anti-
bondinge orbita (Fig. 10.27). Thesetwo ¢ orbitasarelabeled 26, and 26, , respec-
tively. In generd, note how the numberingfollowsthe order of inareasingenergy.

(b) mOrbitals

Now consder the2p, and 2p, orbitalsof each atom. Theseorbita sare perpendicular
to the internudear axis and may overlap broadside-on. This overlap may be
oongtrudtive or destrudtive and results in a bonding or an antibonding p orbita
(Fig. 10.28). The notation = is the andogue of p in atoms for when viewed aong
theaxis of the molecule, a w orbitd lookslike ap orbital and hasone unit of orbital
angular momentum aroundtheinternudear axis Thetwo neighbouring 2p, orbitds
overlapto gveabondingand antibonding, orbitd, andthetwo 2p, orbitasoverlgp
togivetwo m, orbitas Then, and &, bondingorbitasare degenerate; sotoo aretheir
antibonding partners We also see from Fig. 10.28 that abonding = orbitd has odd
parity and isdenoted m, and an antibonding w orbital haseven parity, denoted m,.

(c) The overlap integral

Theextentto which two atomicorbitalson different atomsoverlapismeasured by the
overlepintega, S

Definition o

B 10.18

S 4[%;\%8 de

We have dready met thisintegd (in Example 10.1 and egn 10.13). If the atomic
orbita x, on Aisamal wherever the orbita ygon Bislarge, or vice versa, then the
product of their amplitudes is everywhere amal and the integrd—the sum of these
produds—is amndl (Fig. 10.29). If y, and yg areboth largein some region of space,
then Smay belarge. If thetwo normdized atomicorbitdsareidenticd (for instance,
1sorbitals on the same nudeug, then S 1. In some cases smple formulas can be
gven for overlap integrals. For ingtance, the variation of Swith internudear sspara-

tion for hydrogenic 1sorbitalson atomsof atomicnumiber  isgiven by
1 5
R 1ARD
S1s19 21 — —-B—E6e A& (10.19
3 Qo SCSOF7

andisplottedin Fig. 10.30 (egn 10.19isagenerdization of egn 10.13a, which wasfor
H1sorbitag). Itfollowsthat S  0.59(an unusudly largevaue) for twoH 1sorbitalsat
theequilibriumbondlengthin H,. Typical vauesof Sfor orbitalswithn  2areinthe
range0.2t0 0.3.

Now cons der thearrangement in which an sorbital issuperimposed on ap, orbita
of a different atom (Fig. 10.31). Theintegrd over the regon where the product of
orbitdsis positive exactly canodstheintegrd over the regon where the product of
orbitasisnegative, sooverdl S Oexactly. Therefore, thereisnonet overlap between
thesand p orbitdsin thisarrangement.
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1 \
0.8
(a) %)
-~ %o.es
. E
[=8
204
(b) B \
Fig. 10.29 (& When two orbitadsareon 0.2
atomsthat arefar apart, the wavefunctions \\
aresmall wherethey overlap, so Sissmall.
(b) When theatomsare doser, both 0
orbitalshave significant amplitudeswhere 0 2 4 6

Internuclear separation, R a,

they overlap, and Smay approach 1. Note
that Swill decrease again asthe two atoms
approach more dosdly than shown here,
because theregion of negative amplitude of
thep orbitd startsto overlap the postive
overlap of the sorbital. When the centresof
theatomscoincide, S 0.

Fig. 10.30 Theoverlapintegral, S, between
two H1sorbitasasafunction of their
separation, R.

(d) The electronic structures of homonuclear diatomic molecules

To congtruct the molecular orbital energy level diagram for Period 2 homonudear
diatomic mdecules we form eight molecular orbitds from the eight vaence shdl
orbitas (four from each atom). In some cases ©t orbitds are less grongy bonding
than ¢ orbitds because ther maximum overlgp occurs off-axis. This relative weak-
nesssuggeststhat themaoleaular orbital energy leve diagram ought to beasshown in
Fig. 10.32. However, wemust remember that wehaveassumed that 2sand 2p, orbitas
oontribute to different sets of molecular orbitals whereas in fact dl four atomic
orbitdshave the same symmetry around theinternuclear axisand contributejointly
tothefour ¢ orbitads Henoe, thereisno guarantee that thisorder of energiesshould
prevail, and it isfound experimentally (by spectrosoopy) and by detailed calculation
that the order varies dong Period 2 (Fig. 10.33). The order shown in Fig. 10.34 is

Energy
a
.)
.)

Constructjve
N

Destructive

Fig. 10.31 Aporbital in theorientation
shown herehaszeronet overlap (S 0
with thesorbitd at dl internudear
separations.

Atom Molecule Atom
20
1a
U

2s 2s

Fig. 10.32 Themolecular orbita energy
level diagam for homonudear diatomic
molecules. Thelinesin themiddiearean
indication of the energ esof themolecular
orbitalsthat can beformed by overlap of
atomicorbitals Asremarkedin thetext,
thisdiagram should be used for O,

(the confi guration shown) and F,.

Fig. 10.33 Thevariation of theorbital
energesascdculated for Period 2
homonudear diatomics
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Atom

Molecule
26,

Atom

Fig. 10.34 An alternativemolecular orbita
energy leve diagram for homonudear
diatomicmolecules. Asremarked in the
text, thisdiagram should be used for
diatomicsuptoand indudingN,

(the configuration shown).

Abrief comment

Bond dissociation energies are commonly
used in thermodynamic cycles, where bond
enthalpies, A, - H* should be used instead.
It follows from the same kind of argument
used in Justification 9.7 concerning
ionization enthalpies that

X,(8) = 2X(g) Ay HA(T)=Dy+2RT

To derive this relation, we have supposed
that the molar constant-pressure heat
capacity of X, is %R (Section 2.4 and

eqn 2.26), for there is a contribution from
two rotational modes as well as three
translational modes.

appropriateasfar asN,, andFig. 10.32isgppropriatefor O, andF,. Therdativeorder
isoontralled by the separation of the2sand 2p orbitalsin theatoms which inareases
acrossthegroup. Theoonsequent switchin order ocoursat about No,.

With the moleaular orbita energy leve diagram established, we can deduce the
probable ground configurationsof the moleculesby addingthe appropriate number
of dectronsto theorbitd sand followingthe building-up rules. Anionicspedes(such
asthe peroxide ion, O%) need more dectrons than the parent neutral molecules
cationic goedes(such asO,) need fewer.

Consder N, which has 10 valence dectrons. Two dectronspair, ocoupy, and fill
the 15, orbitd; the next two occupy and fill the 1o, orbitd. 3x dectrons remain.
There are two 1w, orbitds, o four dectrons can be acocommodated in them. The
last two enter the 204 orbitd. Therefore, the ground-gtate configuration of N, is
o316 205 It issometimeshelpful toindudean agterisk to denote:an antibond-
ingorbital, in which case this configuration would be denoted 16516 21126 2,

A meesure of thenet bondingin adiatomic moleculeisitsbond order, b:

Definition o

fond arcker 1020

b N N

whereN isthenumber of dectronsin bondingorbitalsand N * isthe number of elec-
tronsin antibonding orbitals. Thus each dectron pair in abondingorbital increases
thebond order by 1and each pair in an antibondingorbita deoreasesb by 1. For Hy,
b 1, correspondingtoagngebond, H-H, between thetwoatoms InHe,, b 0,and
thereisnobond. InN,, b %(8 2) 3. Thisbondorder acoordswith theLewisgruc-
tureof themoleaule (:N7N:).

The ground-state dectron configuration of O, with 12 valenceelectrons, is based
on Fig. 10.32, and is 165162263 1n{ 1] (or 16316;%20 3 1x]1n'f) . Itsbond order
is 2. Acoording to the building-up prindple, however, the two 11, € ectrons cocupy
different orbitals onewill enter 1x,, and theother will enter 1ry,. Becausethedec-
tronsarein different orbitds they will have paralld spins. Therefore, we can predict
that an O, moleculewill haveanet spin angular momentum S 1and, in thelanguage
introduoed in Section 9.8, be in a triplet sate. As dectron soin is the source of a
magnetic moment, we can go on to predict that oxygen should be paramagnetic, a
ubgancethat tendsto moveinto amagneticfidd (see Chepter 19). Thisprediction,
which VB theory doesnot make, isconfirmed by experiment.

An F, moleaule has two more dectronsthan an O, molecule. Its configuration is
therefore 16516;?2631n1n}* and b 1. We condude that F, is a sndy bonded
molecule, in agreement with its Lewis dructure. The hypothetical molecule dineon,
Ne,, has two additiona dectrons: its configuration is 1651677265 117y 26 52 and
b 0. Thezero bond order iscongstent with themonatomic nature of Ne,

The bond order is a ussful parameter for discussng the characteristics of bonds,
because it corrdates with bond length and bond srength. For bonds between atoms
of agven pair of dements

Thegreater thebond order, theshorter thebond.
Thegreater thebond order, thegreater thebond strength.

Table10.2lisgssometypical bondlengthsin diatomicand polyatomicmadecules. The
grength of a bond is measured by its bond dissodation energy, Dy, the energy
required to separatetheatomsto infinity or by thewed | depth D, with D, D % I
(seethefirg brief commentin thischapter; @ 2ry) . Table 10.3 ligssomeexperimental

vauesof D,
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Example 10.2 udging the relative bond strengths of molecules and ions
Predict whether N, islikdy to havealarger or smdler dissodation energy than N.,.

Method Because the mdecule with the higher bond order islikdy to have the
higher dissodation energy, compare thar dectronic configurations and assess
their bond orders.

Answer From Fig. 10.34, thedectron configurationsand bond ordersare
Ny 1ojlo;?1ni265 b 3
N, 162le;?1ni2s] b 23

Because the cation has the smdler bond order, we expect it to have the amdler
dissodation energy. Theexperimental dissodation energiesare 5k mol ' for N,
and 842k md ' for N,.

Self-test 10.4 Whicdh can beexpected to havethehigher dissodation energy, F,or
Fo Fo

(e) Photoelectron spectroscopy

So far we havetreated molecular orbitalsaspurely theoreticd congructs but isthere
experimentd evidenoefor ther existence Photod ectron spectrosoopy (PES measures
theionization energesof mdeculeswhen dedronsare gected from different orbitalsby
absorption of aphoton of known energy, and usestheinformation to infer theenergies
of maleaular orbitals. Thetechniqueisa so used to study solids, andin Chapter 22 we
shdl seetheimportant information that it givesaoout spedesat or on surfaces.
Because energy isconserved when aphoton ionizesasample, thesum of theioniza-
tion energy, |, of the sample and the kinetic energy of the photodectron, the gected
dectron, mug be equal to theenergy of theinddent photon hv (Fig. 10.39):

hv Zmy? | (10.21a)

This equation (which is like the one used for the photod ectric effect, egn 7.15 can
berefined in two ways Firg, photod ectronsmay originate from one of a number of
different orbitas, and each one has a different ionization energy. Hence, a series of
different kinetic energies of the photod ectronswill be obtained, each one satisfying

hv 4my? |, (10.210)

where |; is the ionization energy for gection of an dectron from an orbitd i.
Therefore, by measuring the kinetic energes of the photodectrons, and knowing v,
theseionization energiescan e determined. Photoelectron spectraareinterpretedin
termsof en approximation called oopmans’ theorem, which datesthat theioniza-
tion energy |; isequd to theorbital energy of thegected dectron (formaly: I, g).
Thatis, wecan identify theionization energy with theenergy of theorbital fromwhich
itisgected. Thetheoremisonly an approximation becauseit ignoresthefact that the
remaningdectronsadjust ther digributionswhen ionization oocurs.
Theionization energesof moleculesareseverd dectronvoltseven for vaenceelec-
trons, so it isessential to work in at least the ultraviolet regon of the spectrum and
with wavd engthsof lessthan about 200nm. Much work hastbeen donewith radiation
generated by adischargethrough heium: theHg(l) line(1s'2o0! —» 1) liesat 58.43nm,
oorregponding to a photon energy of 21.22 €V. Itsuse gves rise to the technique of
ultraviolet photod ectron spectrosoopy (- PS . When cored ectronsare beingstudied,

Table 10.2* Bondlengths

Bond Order R, pm
HH 1 7414
NN 3 109.76
HCl 1 127.45
CH 1 114
cC 1 154
cC 2 134
CC 3 120

* Morevaueswill befoundin the Data sedtion.
Numbersin italicsare mean valuesfor
polyatomicmolecules.

Table 10.3* Bonddisodiation energies

Bond Order Do (k mal )
HH 1 4321

NN 3 o417

HCI 1 4277

CH 1 435

CC 1 368

CC 2 720

CC 3 962

*Morevaueswill befoundin the Data section.
Numbersin italicsaremean valuesfor
polyatomicmolecules.

X e(moving, E)

hv —1

X ___e(stationary)
A

%

Orbital i | X

Fig. 10.35 An incoming photon carriesan
energy hv; an energy |; isneededtoremove
an electron from an orbitd i, and the
difference appearsasthekineticenergy

of thedectron.
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Electrostatic
Lamp ‘ analyser

Detector

Fig. 10.36 A photodectron spectrometer
oonsistsof asource of ionizngradiation
(such asahdlium dischargelamp for

PSandan X-ray sourcefor XPS), an
dectrogaticanalyser, and an ectron
detector. The deflection of the dectron
path caused by the analyser degpendson
their speed.

Signal

16 17 18 19 20
lonization energy, | eV

Fig. 10.37 The V photodectron spectrum
of No.

photons of even higher energy are nesded to expd them: X-rays are used, and the
techniqueisdenoted XPS.

The kinetic energes of the photodectrons are measured usng an dectrogatic
deflector that producesdifferent defl ectionsin thepathsof the photodectronsasthey
passbetween charged plates(Fig. 10.36) . Asthefield srength isinareased, d ectronsof
different oeads andthereforekineticenerges reach the detector. Thedectron flux can
bereoorded and plotted against kineticenergy to obtain the photod ectron spectrum.

A brief illustration

Photodectrons gected from N, with He(l) radiation have kinetic energies of 5.63 eV
(1ev 80655 am ', Fig. 10.37). Helium(l) radiation of wavdength 5843 nm has
wavenumber 1.711  10°om "andthereforecorrespondsto an energy of 21.22eV. Then,
fromegn 10.21,21.22eV 5636V |, s0l; 156.59€V. Thisionization energy isthe
energy needed to remove an dectron from the occupied molecular orbital with the
highest energy of the N, molecule, the 26 bonding orbital.

Self-test 10.5  nder the same draumstances, photodectrons are also detected at
4.53¢eV. Towhat ionization energy doesthat correspond Suggest an origin.
16.7¢V, 1w

It is often observed that photogection reaults in cations that are exdted vibra-
tiondly. Because different energiesare neaded to exdte different vibrationa statesof
theion, thephotoelectronsappear with different kineticenergies. Thereault isvibra-
tiond finedructure, aprogresson of lineswith afrequency spadngthat corresponds
tothevibrationd frequency of themolecule. Figure 10.38 showsan exampleof vibra-
tiond finestructurein the photod ectron goectrum of Br.,.

105 Heteronuclear diatomic molecules

ey points (a) A polar bond can beregarded as arisng from a molecular orbital that is concen-
trated more on oneatom than itspartner. (b) The dectronegativity of an dement isameasure of
thepower of an atomto attract dectronstoitself when it ispart of acompound. (9 Thevariation
prinapleprovidesacriterion of acogptability of an approximate wavefunction.

Theelectron digribution in acovadent bondin aheteronudear diatomic moleculeis
not shared equally by theatoms becauseit isenergeticaly favourable for theelectron
pair to befound doser to oneatom than theother. Thisimbaance resultsin apolar
bond, a covaent bond in which the dectron pair is shared unequally by the two
atoms. The bond in HF, for instance, is polar, with the electron pair doser to the
F atom. The aocumulation of the dectron pair near the F atom reaultsin that atom
having a net negative charge, which is called a partial negative charge and denoted
& .Thereisamatchingpartial positivecharge, 8 , ontheH atom.

(a) Polar bonds

A padlar bond congstsof two dectronsin abondingmolecular orbital of theform

¥ GA B Oﬁ”gmm (1022

with unegual coeffidients. The proportion of theatomicorbital A in thebond s ¢, 2
andthat of Bis G52 Anonpolar bondhas ¢, 2 G ?andapureionicbond hasone
coeffident zero (sothespedesA B wouldhaveg, Oandgs 1).Theatomicorbital



