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3
i
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i

squTa.He m'l:,o c!.isiﬂi.ﬂt Faf:l's
MWy = En e 3 Mgty T BV

~ X x x J S~

HY(xy) = E W (x,Y)
Y (x,4) = J“Vx- q}ﬁ = \J L “_“-x) S» 5m(““3>
(iﬂ Mgy, = (€, ¢ €550

j{ H s a sum of se_ParaL:le dictinct pasrts,

Y s & PTGJLLC“' of the e;.qufurnt‘_JctWJﬂ

 sall the Pcm’*s ot H
E = sum of the eigefchleES of the
parts of i
4 2 2 - 2 ﬁ'z. C\Eﬂﬁﬁt‘rﬂcg
Bnndihy = B [_I"_:E_. b mihe B el
Nar 923 2m % Lﬂ'.:i Lzz n-dependence

sign of E
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Y  satisfies the Schvodinger/ Divac equation

‘*‘ - i‘. well blhﬁ\fﬂd - 30::1“7,
¢ i
finite, continuous, single-valued onditiong

V'Y a4t = Probability of finding the particle(s)
in the volume element ' d7’

ATOMC ORBITALS

HY = EW . < By + (),
= - ht_ g2 - ol
g*"‘??i Hydvroqgen-like atom. 9“,.#7 - _i_ﬁ "ff
Ze

Rewvi.te.': vW+ ﬁ'ﬂ'l'"(e_ 1‘-’)4’-0

. jx‘+y‘+ z* , not sepavable ag f;(“)*ﬁ(g)”;(')

Change the coordingtes from x

% 9,2 to T‘,B,(g
z
Z=Ycogh a s &
L &3 .

x= ‘rsinGCp;q
J=Ysing Sing

L2 ( uw) sw’p (F.

r *sin® 30( 20/ vYsde o4




Squf‘a..":.Loﬂ of U&TL&EIES . "’(’(‘f" BJCP) = R(T‘) @(B) CP((P)

F(r) + G(O) + H(®) =0 | 7,8,9 independent

= Each term is a constamt

dzq? . : | — sign for Finite @?
= — ™ q
d @2 __f"..é
— : i. ) bﬂa_‘gl_. - t i
oy %5 - epitr ok ® = U +)@
. (».«-‘sl_.) PRE . 8 l<¢+1)} R(r) = E
1}* Y'z df' dr ,t-’s- s -r?. —_—

3 ovdinary differential equations in
Vavi’.alates C?J © and Y
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Y = (s yia 22)* X = YSin® cosd
-l
& = cos = Y = Y sinB sing
Y
‘! —
Y. 0
=35 # > s
« L 402 2 o SR A
2 T %xiw, \ 2= im terms of 3
3:“:1%9*3&
B e W 26
—-—:—=cnsecetx'&-— S (-4
;x ‘r e - i —
° T3 r @ e ¢ x2
%..g;: = %I%%siham5¢%+casems#}e_ simn® >
T Y sind 3¢
28 3
= xaﬂ{ s E = g%‘& . i

@z 3%
H&fhﬂg v = .1_.:_3__11,2_ i B, st » _fi ij_
& vrar oy ¥tsin© 20 20 ysin'd 3¢
~
o S L = X &
o 2T T3
L= YXP = x Yy = 9
2. - 3 - =
Px Py Pz L= -h[;ma__' smO35
~d
- VP —2Phy
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Y(r 6,9) = R(r) 8(e) R(g)  Sepavalions of
o variables v, 0, &

23 2§40 $«)= B(@+m

24 /
. _ ¢
$ = e.“.'l-'l'l'l(? m=0,21, 2, 3. \95
2

magnetic quantum no,

b 4
L! s -i'.,""n:-:-9 OPeru*-nT for 2- tnrnpnnlﬁt of —I:
L, = +whd

Equation for @ yields the constant (3= L(t+D)
%5: -"II'!!: -pL'ii-I‘“- o,,2, Ly

Magnitude of anqular momentum | = Jutm &
Equation for R qives E_ = ._zrr‘pz‘e"

ol

¥Y(r) > 0 as Y=o for bound o

we requive

stationary states

The spin quantum number Mg =2U (Relutiuiﬂ:i:)

Pauls exclusion p‘riﬁ:ip|e v

No two eleetvong can have Ldentiud. valu.u of
N, L, m and m,

Connection between ¥ and the Uncertainty Principle
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Plotting AOs and MOs using

Hydrogentike wavetunctions

9= 2%, , (*,4,2) « (Rr,6,3)

S (v,6,9)
Ovrbital m v wm R ©d
\s \ 0 o i(_;-.‘_/_a_i)y‘ & @m) n
28 i © (zﬁ)'"(z{a.)y‘(:.-%) 5% C-'-:ﬂ)'y‘
N & 1 @) (23" ae™ (Mrrr) siné cos
by 2 Ve " 2 " »  sinBging
2P, 2 3 = » " - v cos@
35 3 o o mE)(Ya) t(27-180428)EY (e %
3 MR e -4V (2 s
3by 3 ) = " " » »  sinBsing
dg 3 20 “/(ild"o) (!/a) {2 (ls-rr (3cos® -1)
3dxy 3 2 <2 " . ( ) Sin'0 sin2 @
3d,2 .y 3 2 2 " " " sintd cos2 %
3dyg 3 2 - " " . SinBeosO sing@
3dn. 52 10 " " n  sinBcosOcos @



Ly
Orbitals for hydvogen-like atoms

h" -
- Ev/ﬁa s Q= t 0529 A

S e
Radia)l Part Angular Pavt Suantum No.s
Rt ly) OE)P(@)=Y,"(6,) " | m; m
V-
s .- e-ﬂ‘ (‘/q;rr)" ! @ @ ‘.".y;_
3 » 2 @ 9
28 .. (2-6)€ 2
Px «-5in6cos @ 2 |
}u
ap - G- Q.-G-/z Py -e Sinb sin@ 2 )
| Py -- cos & - S B
2y > gt 3 0 o
38 --(271-1%6 4207 e 72 (4“')
3p -.(6-6)s e"r/s same as 2B 2P, 2P, 3 |
L :
ad g 4 --(3c0fo-1) 3 2 o

-- NDTmaUsatioh
Constants



(v e¢) = Rn(M Y (g9

g = R.nl, "Pz = Rz‘hl
IS s
v .. Radial Parts of
2p hy dyo gen- Lke
ap s orbitalg
45 »
' 3P
3
35’:- 3s 33
¥
3p

o cos©
\o 0-985
20 0-9340 -
30 O- 266
-~ Lo 0-766
so 0-643
6o o-500
70 0-342
80 o- T4
120 -0.500

210 -©.866

i“a -E-Son



CONTOURS

o Boundavy
Eleckron Densities b o
‘"
3s) S s 5
B « 1:1!‘.* ; 'I;":"; D\ > -8
3 & 0
{@3 /'}N '~ el ,
2Pk abh L. bz 2
‘3:\ b!f : Contours of ¥
@"’ '-'h&-ﬁ N
2P, R 7 RS T (Constant vn\.ues)
G & measuvred
‘\-‘1-.;%’3"’ ds /2 x-y? velative to ¥*
)‘:"T'"" ? at the origin
(fov 18)
.:_'.'.;_
R d,2
.-""‘16. dy* z
\( within which, there

is 90/ probability of
finding the electron

Radial Distribution Funetion P(¥)= 4T v w|*

P(r)-dv = Probabilily of finding the elecktron anywhere in
“a shell of thickness dr at the vadius »

PLY for s, "“:_1 of

E oo shgll icﬂeelechms

E second shell :

:E SP?tm'EQJ %i;{es
B S e % I =
Most probable Radial electyon densily in Na,

Tﬁdius . 5{35 of Na= ; Si.}t of Ng:'-:l l_?
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3b

Nodes of Different Ovbitals

No node
1 5f>'heriCal

& n BB

1 Fl.ﬂ.?"l ar

2 spher tcal Modes

G “

node

g = A1

ﬂDG‘.E..

2
27-1%¢ + 26 =0

(6-6)6 e

1 SPHEY';.Calj i planar

&4/3

3dy, 3dys> 335:‘: ,3d2 o

33?:

2 planar nodes

(303516_ 1) = 0O |

cos O = =+ &
V3
0 = 5[|.-7f+n

126-26°

@-

. Node

due to anqular § unctions

] ---""I-r..‘
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Effective N wclear Cha'fae

| —ieﬂ .
Effective vadius Ye

Useful Parameters : Not measurable

quantities ke £ 2
1.E. of H

-
= 14213 X 10 J/mol =13-€ eV

1.E. of

— 1.E_o; H x (Z""SDZ
111.

other atoms

Z - CHG..TSG’_J G = SC.TEEYLiﬂS

Constant
n = pTiﬂcl.Pal q‘uum‘tum No.
aezu - f-{- - ]
vecall E = - ZT‘?_E’ ~
| h  n*
ety ™ Z"SJ
- B
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Atowmic Structuve

K.E P.E
2 2 a " !el 2 2 g
C O

\E L#; ::F:.) + ¢I('Y‘) : ¢1(T;)

Total wavefunction Products of orbitals
1 . '
2 9 (v). d.(v,) An approximation

An orbital = ONE ELECTRON FUNCTION

Y2
s " [(:1' 3')1 + (9,- 9131 + (2,- 1'){’

=~ # *l('!;:) . ‘Fl("l?',_)

Yia
v M@ = E, ¢ and H, @, = E,d?l is not possible
Energy depends on  all quantum numbers 7, {m, M,

The Aufbau Pvinniple & electyonie conﬁ'gm'n'l:l'oh of
atorns ... 18 Las2p ¢ 3s{3P<4s<3d¢cypesSse ...

SoLui'ng for ¢ Using the notion of ¢

Self Consistent Field (SCF. method)

c L e the nth electyon ...

\-—. The field due to all the other
e (M=-1) electvons
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Atomic Struwcture

% - _.’h 2&°( 1 &
He atom H (‘U+V) ( +Y‘) ‘f;z
N - electron atom N e
+Er.'4=;¢\JL
2 N 2 Y?"'l.
M= eh L
2 i=1
N N —_— A A
2 2 V=12 )3 k3
- Z Z S - Z Z: %‘—_' . 133;- -
i N =l 1> Ej “
i 1 + {.( ) s 3(-—) = Not separable
J

P2, ) 8 R R o bR

Total UWawefunction Product of orbitals

Ovbital = Fyunction c:r’? the coordinates.
ot fonel electrom

'Rq_{;@ ch_ = 61'1 4’;

orbital energy




For He,
&ai O = 28 oy t)| 4 = € S0
2" \

Sq»l B sy a% = Vsl
' pr &

12

Electyvon L woves mm  an average o

efeckive (nﬁt imstantaneous) field due to
electvon 2,3 ---- T\i

T wate) S Sy

1] L]

ELQC-'LYDY\S YNove 'ur\__ge.‘.{ consistent 'Fielc!!s_

that 'Hne,lj mu‘tual.hd exert onn one another

comn Ue‘rgecl SCF orbt
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Orbitol :3
Enerﬂﬂ :

1

|
25 50 75 100

OTEL{‘-OJ. eﬂ&""ﬂi‘?—s
Atowmic Number
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Electron Affinities e

Energy veleased when Adv e s A—

oY

A— —— A + e._ " OE =.ELEC_'}..TGHL Af'f‘lm'}_g
- laﬂ..i.zaﬂ,oﬂ ibo‘henﬂa.l
of A = Eea

Exgmpleg : 5Pe_c_igs E.A. (k] rnnf‘)
cl 349
TED 72
o il
o - 2LL

Electronega’ciui{iesj IV ')CP

Power of an otom *o ottroct electrons towards
tself when it is part of a mm?nuﬂc’-.

Polarity of a beond < eLP.c:.’t.rone.aa:\:iui-tH difference
: between Fu.f{ici.fmﬂﬁﬂ atorns

xy = £ (1+Eeq)

*pt Ix - %gf = o231, ~ 3 (D.qa*:"saji&
D= cll-'.ﬁsoc“_ia,‘}.ioh energy
Ator }CP Atom Xp Atom X
] 32 N S-0 b 4:0
2.6 O 3:4 cA 32

C
cs 078




B
Flectronic Coﬂv‘tgura:tions .

V. Product of orbitals ora single determinant
\
M ¢ y :yisoc(*l) q:ﬁ@(:); 15 38 : tpis(aj 1{115(2) £(1) & (2)
[He) 28" zla;z P; 2]9; Hunds vule
Auf bau P'ri.ﬂcipl&: 18 £ 28 2pL35 3{91 4s, 3d, 4p,
55, 4d 5p, 65,
Spim Orbitals fPaC')"C(O " cbb(S)@(S)

Pauli Principle: EI’([,Z.) = - ‘-V(z_‘i)J Antis ymmetric

w. v+,

particle exchange

For two electrons with oy bitals ‘E,_(""t) and 4>b("9_,

i i < ()E0R)
\Vs Li} ) | Ti%¢a-(ﬁ) bb(rz)"" d:ﬂ.(r:) q’éﬁﬁi e GJZ-)P“D

' ' . (1) a((l) /
v_(1,) = ':f'i idp - @ ‘bb(')E i B p(2) (
A (DB + a{fz)(sil
triplet

‘t\’ vavushes when Y, = v, =
g | >
pavallel spins avold each other

- —
True electronic mﬂ&gura‘*'mn ﬂ? H.:: - y
+c1s2p +cls 3S4.--- CONFIGURATION

Y SUPERPOSITION

=%

ct!':-‘. +c 1525

®_dominamnt.




S?Lm_. OT'Di_{'.a_‘.s . one E‘.Ett‘l‘ﬂﬁ guﬁt{.iﬂﬂs -

W(i) = ‘Sl’(?;ﬁ) = warb(?:) ‘l’spm(sﬂ

Hg :;:11.{;:)1«1»1‘1 g'rou*nd S{d_‘t&
¥ (54 A TGO

— a G“'
T
T‘I . / 2

Indisti : Ll
ndis ngmﬁhu\nhig of > '\}('j“g._) =tV (ﬁ,i)

elementary parkicles

o (1) a(2) .

Poesible Spwnm Funcliong g1 p(2) 53:‘::%“
' «(1PR) + pWE) 1222
Anti -

d{i-)@(z) - P(‘)“{(z) symmetnic

He 1s* ts (1) 1s(2) [ «(DP2) - B u((z)] 15

b

[15(1) 25(2) + 25(1) !5{1)1 [Kff)ﬁ (2) -(3{;)@({1}7 ’5
- He Is2s
[ X (1) of (2)

: ‘ Is(t)25(2)- 25(1) 15(1)] g (P2 3,5
]_ « (1) P(2) + BDA(2)
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Term Symbols, Electronic Confiqurations

Atomic States

25+ lL Conifuration
J -

b F

- S 5 PJ- 15 ID 3P

3 >

L« & b3 5p g e

g =« L% & oy
a 's.79.%.%F %

N
d RO A e H "p %

Carbon atowm Sodiuwm atom

1 2 2
— 8 - P P
1511'?1 ,,,"
e 'p 589 589.6
l‘l i “m
Ll i~ . T z
\ 3 p 3s i .S\

Ovbitol Energies

Principal -
Syuamtum, — a
Mumbi‘f‘ —-— b
- S
=
Atowmic NoO.




Molecular Structure . 5

i
Y‘A '.
+ = . -
o 1B
23 Ha e’ k' Nucleig assumed
[- £ ?Il __g:‘ p > v ilie A = to be itﬂiiﬂﬂﬂ‘r,
el Nia Mg g

A MO [one electron function Uke an AO] spreads throughout

the molecule

ie, (t is a polycentric one electvon Sunction

¢q. Linear Combination of Atomic Orbitals [LcAc-MO]

Yooty * ™ P Ao i+ __
@ Electvon density along Contourvs of
Internucleay axis constant densidy
- 1s
gy Y @0
dimninished
¥ ‘.3
. =

Energy as a function of internuclear distance

- E,kul}mnl (velative ... w.v.t, Sepavated n"‘.omi/inns)
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: ™
The Variational Principle: - f“‘fgv calculated from an
arbitrary wavefunction s

never less than the true energy

Example of a Minimal Basie Set. HcL
* N
£E= Jv¥ Hydt/ (y*y ar

Start wi A
avt with ﬁnvrﬁnh}ea ¥V, and "PB
S 2 .
A+ Cg+2c,0a8 ; 5=‘S'4"A9’3 dt
overlap integral

* & gy
H = N
S¥nvar = cufvfivaradfydyar | ac,

§v*vwar = ¢

8 fu. v dr
o g @
Coulomb 1““'-05 vals F:::;rﬂu

2 1
€ =[achA +«aCq +zp‘-',qca]/[ c:+c: + chchJ

%
For the Minimum in €
= F

e o iy T

Seeculay

%4-E  @-Es
Equationg

B-Es g
Secular determi nant

(«4-€) €, +(p-€Es)Cq =0 j
=0

(g-ES)Cq *(xg-E)cy =0

For the case of two identical atoms, «, sotg
L

: E "“ﬁhﬂﬂing = (d"g)/(l- s) . cn= _cB . 1/{_2-2..5]‘""

Eﬂ‘ﬂﬂ&iﬁg = (248)/(145) 3 ¥y e 1/[2+25)%




Cl: 1-Gé
Ex: 199
c3: |29

{. car?
] ang 2

‘1’. = ﬂ(vm) - (pg(-r'B)

MOs:
\P:. = ¢H (T[H) = th (Tl B.)
125 |
- 2.0

'Iﬁl.
s
i 1|:

415 Ly
e
L

;Y

41, / . 1
i B

T N

i

4.5 T

I %’fr 'y

}I / . y' !
£ : ?1 1*\
l__""-:—“?. N
~25 15 " TR—
. ‘5 i-5 2.5

Fumetion of the coordinates

of an electron
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Ya/s

and

Ye/a,

- Axiol Stjmrne?;vj

l-"lH/ao
and

Jie /ao
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oC

Liy

Total Electron densities




Valence Bond Theory -

- -
- \1=TI : Electron Pair/Heitler- London/
+ +/-e‘ Valence Bond fumctions:
B

Products of AOs
qD‘ — 15‘1(')'15‘3(1)
$ = 1 5,(2)- 15,(1)

Yve) = L (g+4) x L [xmpa-«p)
Eihsld:
K (1) < (2)
1.\} (V’Ea) S L .
ﬁ(cpl 431) X %i_ [atfl)P(-")"' o(f_z)fa(*l)

~05F
E (H,) }
Har tree
-3 :
{1 hartree =
272 eV = ]
e




Compaﬂ,son of MO and VB Theoriec -

¥ve) = LW + §0 ¢ (2

Y(Ma) = [ 4,0+ ¢bc1)] (o =+ ¢ ()
= §WP )+ d,:bO) b (2) + @a(i)d:;(:) A )
" T(ve) 4 Y (lonic terms)
Consider

Jmo) = [§0-4m]-[40- RO
- WY B) i @[lanic Te:z:rns:_

"

“Best Wavefunction = C‘\’(MO) . C’ '1|/’(MO)
obtained by cpt{,wﬁ%ma C amd e

’
C =0 = 'q-’f.mo); e =C!=i E IP(VBD
2> True f"!Eﬂ‘I"H rivolves features o+ o) app*ﬂxima}‘e
theories :"

Cgm‘:avisaﬂ of Various Theories

Wowefunction Re (pm™) Do (eVv)
SLMF!E MO : 35-0 2 .70
Simple \VA o a7.0 24
VB wurimized wrt Z 74-3 3 .78
James & Coolidge {‘nzs 740 LT
Roothan [ 50 functions] 74! 4-746%

Expevimental Th4-A 4 T4?
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-}
23A R N
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° 1341
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i 7 0 T ]
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s Lo,
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Hybrid Orbitals 67

. cornbination of atomic orbitals within

uﬂ&ar
an atom leading +o wove effective bon&zns

Atom im a fldd

Free atovn
adong o€ divection
e N
=t e brid; Hybri
2, 2b, z]:} 2p, npy\“m T‘A‘EFJ kil
gty Y,
S MBS +)\(sz)

coefficiemts P amd A o\.e,]:emc! on tield .s'tﬂmrj‘u\.

Linear Environment

(s k)
- E(s- b

TTLc:LﬂSLLLﬂ.'I" Envirenwment: h, = J'%'S " %_ hx_
Y = s
= < B . " %
Q‘ - Bt TR tEN
2 , s =
e g s A8 odes oS
g e s M8 TERTED

Contribution of an evbital to a Hs‘c*i.c’_
.‘*:. ﬂ".‘: rbi‘.{:{l:fiﬁ,ﬁ"', D;: t‘q&t 01"‘0 l.“‘_,a,', v “‘:H#. \'\\jb‘r{rl_'

the squave o
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jox8 A B -
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unhy bridiaed
2p / ¥
25 - - e

l . iy, "
=Ll o L‘ben_d;.aec!
B i N
L LiF =
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e il T G ¥E
== 3T, 4T — 66
‘ZPI. = \“ e 1P]“‘:fh __;r_“_..fr
Ay g 2 St 5'1"*-/%,———23,:
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""_H"hr \'ﬂ-"lf ﬂ‘
Yo me —— 25, ae T, —2s
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Ernergy Level Diagram * Homonuclegr Diatomics

“Non Crossing Rule

,rbbetols of same symrne_’crﬁ
vepel each other ?




10 ‘
MO Eneray Level :Dto.g'rams . Pol_ya‘l.‘omics

2 | Ee(888 Tk
b

2.8
P
-

lsqaz.sb@)&}) *i {8 25a

ZSb

03# NO; ( bEI"It_)
C I ELﬁctrc}ns_)

NO, ; CO;-, S0, (_Planqr)




71

\P (IIJDJDJ OJD:ED

Ay 5 AL,

The effect of Electron Correlatiom

The Variation Theovrem

O o B 8D By = ool
For H,
‘Lc—_z
‘Lrl.?_-:s"l : : P ki
Canﬂgura_‘han SLLPEYPGSI:‘I':LGTL
je 2™




Potential Energy as a function of 12

Diatomics
E in BE. TYeq
-
kto.\-rnol
Hy ol 74
H; 6s |0
v(r)/x ~
% / & Two diatomics nppvamhins
“i.,., | Cack othey
Loo | ‘ \ \
200 |- *
28 3+ 36
0
<200F Ar
[+ ]
A
_“no____‘____d_____h____‘__

2 9 é e 10

L-T Potential for Av

Effective ion-ion potential Centers ot mass ¢, ,C,
for Lquid potassium

* »
« INTERACTION SI1TE MODEL



Ordered Solids

73
AN s
F% .o Y < e
e T
-aggp—— %
—aope—e A=
Meo
FEEEERERa — -gl
No. of atoms No. of orbitals
E“E"‘SH Level s
2(s?)
I 3s 11 ———_ bo‘ﬂd.tn ;
: T Bnndn.n?

2p I, s, 2(SP)

1§ srrrrrrrmr

15 \s R

Na (Sad.i.um) C(diamond) Semiconductor
Conductor Insulator Qi

Ge.
Half filled Compln.l:elg Vacant bamd
bomds filled bands close to a filled
bamd.
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T =
O . N electyons, _';_-'_ MO s occupied

Unoccupied levels

F‘ -
////d{'__r‘“‘“'——:? %TW Level
XO/QC,;PI.;E/ /e.ue S (H-uahe.si Occupied Mo)
E 3 > O . Pnpula‘l:i.a‘n of Orbitale
1 Fevrw
P - PDirae
e(E_P)/hT + 1 Distribution

B+ Chemicsll Potential 5 £ when P=l
- 2

Temperature Dependence of P
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