Solutions

a. First determine the eigenvalues.
detg_lél 2?| §=0

-1-1)2-1)-22=0

241 -2 +12-4=0

12-1-6=0

(I -3)(I +2)=0

| =3 or | =-2.

Next, determine the eigenvectors. First, the eigenvector associated with eigenvalue -2:

U € u
Cnld _&Cul

2 48
2U6Cy U=-28Cy U

(DCDEDN
1

-C11+2C21=-2C11

C11 =-2C»1 (Note: The second row offers no new information, e.g. 2C11
+2C21 = -2C21)

C112 + C212 =1 (from normalization)

(-2C21)% + C12=1

4Cp12+Cp2=1

5C»12=1

C212=0.2

C»1=4/0.2, and therefore C11 = -21/0.2 .



For the eigenvector associated with eigenvalue 3:

6 N . N
§-1 2UgC2 4 &Cp2 W
€2 2UeCxpU—veCxpU

-C12 +2C2 =3C12

-4C12=-2C2

C12=0.5C9, (again the second row offers no new information)
C122 + C»2 =1 (from normalization)

(0.5C22)2 + Cp22=1

0.25C222 + Cop2=1

1.25C»2=1

C»2=0.8

Coo =1/0.8 =21/0.2, and therefore C12 =0.2 .

Therefore the eigenvector matrix becomes:

€.2y02 02 Y

€ 102 202U
b. First determine the eigenvalues:
é u
a-2-1 0 0 4
dte 0 -1-1 2 =0
e O 2 2-1 0
g-1-1 2 4
det[-2-l] dte 2 2.1 0=0

From 1a, the solutions then become -2, -2, and 3. Next, determine the eigenvectors. First

the eigenvector associated with eigenvalue 3 (the third root):



€2 0 0 ggCnH gCng
/\O _1 2”\C21 — /\C21’
€ ue 2lu=3e =2l g
€0 2 2UsCz 0 e€Csz 0

-2 C13=3C13 (row one)
Ci13=0
-Co3 + 2C33 = 3Co3 (row two)
2C33=4C23
C33 = 2Cp3 (again the third row offers no new information)
C132 + Cp32 + C332 =1 (from normalization)
0+Cp32+(2C23)2=1
5Cy32=1
C23=+0.2, and therefore C33 = 21/0.2..
Next, find the pair of eigenvectors associated with the degenerate eigenvalue of -2. First,

root one el genvector one:

-2C11 =-2C11 (no new information from row one)

-Co1 + 2C31 =-2C21 (row two)

Co1 =-2C3;1 (again the third row offers no new information)

C112 + C212 + C312 =1 (from normalization)

C112+(-2C31)2 + Cz12=1

C112+5Cz12=1

Cu1=

m (Note: There are now two equations with three unknowns.)

Second, root two eigenvector two:



-2C12 =-2C12 (no new information from row one)

-Cop + 2C3p =-2Cp (row two)

C2o =-2C3 (again the third row offers no new information)

C122 + Cpp2 + C322 =1 (from normalization)

C122 + (-2C30)2 + Cz22=1

C122+5C32=1

C12 = (1- 5C,,)"?(Note: again, two equationsin three unknowns)

C11C12 + C21Co2 + C31C32 = 0 (from orthogonalization)
Now there are five equations with six unknowns.

Arbitrarily choose C11 =0
(whenever there are degenerate elgenvalues, there are not unigque eigenvectors because
the degenerate eigenvectors span a 2- or more- dimensional space, not two unique
directions. One always is then forced to choose one of the coefficients and then determine
all the rest; different choices lead to different final eigenvectors but to identical spaces

spanned by these eigenvectors).

C11=0=1/1-5C312

5C312=1
C31=V0.2
Co1=-20/0.2

C11C12 + C21Cx + C31C32 = 0 (from orthogonalization)

0+-21/0.2(-2C30) +V0.2C3=0

5C32=0



C32=0,C»=0,andC12=1
Therefore the eigenvector matrix becomes:

0
V02
0.2

(D: (D> D> D~
et en en end

2\/_.
0

o O

mv2 OomvZ  (mv)2 p2
KE =72~ _gﬂT = 2m ~2m

1
K.E. = 5m(px2 + py2 + pz2)

'?ﬁﬂoz ?ﬁﬂoz g’ﬁﬂoz“

KE. = 2m| éifxe t el‘ﬂyfa el zo

_h2| ?” 92 92 9]
KE =omife2 * qy2 + ﬂzzg

b. p=mv=ipx+jpy +Kp;

lé’ﬁﬂ_ Fy2 é’ﬁﬂ

P=1ig et & ye™ K&z

wherei, j, and k are unit vectors along the x, y, and z axes.
C. Ly =zpx - Xp;

19 Hqo
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First derive the general formulasforﬂ—‘ll( ."—11, % intermsof r,q, andf,and% ﬂ% ,

and ﬂlf interms of x,y, and z. The general relationships are as follows:

X =r Sinq Cosf r2=x2+y2+ 72
o . Vx2+y2
y =r Sing Sinf sinq="F7—7—
X2 +y2 + 72
z=rCo co L
X X X2 +y2 + 72
tanf:¥

Firstﬂ—‘ll( ﬂ—‘ll, ,and% from the chain rule:

28 G 0 o8f 0

o 1  &qo
=&, T *&xe, ﬂq*%z -

X<|=

T &0 7 &0 |f 0

Ty =&ye Tr *&ye, ﬂq*ﬁz ‘Hf’

T ge 1 @0 g @ 1
1z ~ Zﬂx,y qr Zﬂx,y 19 Zﬂx,y -
Evaluation of the many "coefficients" gives the following:

aqq Cosg Cosf  28f O Sinf

qura —S'”OICOSf = r &8x8 _=-rSing
%z y.z

ro qd Cosquf 0 o
%fg =Sing Sinf , % % =

X,z

@ro o[8] Sinq fO
Zg —Cosq g =-— ,and %@Xyzo




Upon substitution of these "coefficients":

1 ) 1 CosqCosf § Sinf
qx =SinqCosf gy +— g "TSng I -

1 T CosgSinf § Cosf ¢

.ﬂ—y:SinqSian+ r ﬂ_q+rsinqﬂ_f,and

1 f Sing " 1
1z :Cosqﬁ R 1] +Oﬂ—f.

Next% ﬂ% ,andﬂif from the chain rule:

1 _g@xo 1 @0 1 &0 1
T =&rs, T +%ﬂqf Ty +%ﬂqf Tz

1 &0 1 &0 1 @0 91
Tq =&qs  Tx * &ag, Ty * &ag Tz -
1 &0 1 &0 1 &0 T
Tr =&fo, fx *effo, Ty *&Fs, T

Again evaluation of the the many "coefficients" resultsin:

?S%_XO _ X %@ _ y
rqf \/x2+y2+22’ I’gqf '\/x2+y2+221

o o B 2= B

r a.f x2+y2+22’ qgr,f x2+y21 9

2%z0 HxQ RyQ

Hao, = \C+y? Efo =.&fs =x adgfs =0
Upon substitution of these "coefficients":

1 x 1.y 1

T eryze 2™ " x2ry2 s 2V

z )



1T xz 1 vz 1 1
o= gz ™ * Ty ~ V¥ +y2yz

X2 +y

:

y_ 1. .1 1
T =YX *Xqy 07z

Note, these many "coefficients' are the elements which make up the Jacobian matrix used
whenever one wishes to transform a function from one coordinate representation to

another. One very familiar result should be in transforming the volume element dxdydz

to r2Singdrdqdf . For example:

éf(x,y,z)dxdydz =
A [ &0 a0 axd
8 g, e, e,

0 0 0
6f(X(qu)Y(qu)Z(rqf))| % % g; |drdqdf
A aizo aqzo ano "
O %ﬂ &2, %ﬂ

hi 1 14¥
a  Lx=Tiyfz-2fyp
h & s 1 qu K]
=7 &rsingSinf gCosq -~ fq
h 9 CosgSinf § Cosf &0
T gerCosq %nquf ot - 9q * rSing T &
h & 10
Lx=-7 &Sinf ﬂq+Cothosf i
h 1 1
b Lz=73F =-ihyf
hae 1 10
L=T &Yt Xy &



B dB/dx
i. 4x4 - 12x2+ 3 16x3 - 24x
ii. 5x4 20x3
iii. eX+e3X 3(e3 - )
iv. X2-4x + 2 2x - 4
V. 4x3 - 3x 12x2- 3

B(v.) isan eigenfunction of A(i.):

5 d? d
(1-x )W -Xgx B(v.) =

(1-x2) (24x) - x (12x2 - 3)
24x - 24x3 - 12x3 + 3x

-36x3 + 27x

-9(4x3 -3x) (eigenvalueis-9)

B(iii.) isan eigenfunction of A(ii.):

@2
X2 B(iii.) =

9(e3X + e3X) (eigenvalueis9)

B(ii.) isan eigenfunction of A(iii.):

d
X gx B(i.) =

X (20x3)

d’B/dx?
48x2 - 24
60x2
9(e3X + e3X)
2
24x



20x4
4(5x%) (eigenvalueis4)
B(i.) isan eigenfunction of A(vi.):

d2 d
ax2 - 2Xdx B()=

(48x2 - 24) - 2x (16x3 - 24x)

48X2 - 24 - 32x4 + 48x2

-32x4 + 96x2 - 24

-8(4x4 - 12x2 + 3) (eigenvalueis-8)
B(iv.) isan eigenfunction of A(v.):

d2 d .
Xg2 t (1—x)& B(iv.) =

X (2) + (1-x) (2x - 4)
2X + 2X - 4 - 2X2 + 4x
2%2 + 8X - 4

-2(x2 - 4x +2) (eigenvalueis-2)

10
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R4s(r)

R4p(r)

Hydrogen 4s Radial Function
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R4d(r)

R4F(r)

Hydrogen 4d Radial Function

0.03
0.02 o
0.01 o
0.00
-0.01 -
'002 1 1 1
0 10 20 30 40
r (bohr)
Hydrogen 4f Radial Function
0.02
0.01 o
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Si 1s

=14

80 -
60 -
40 +
20 -

(1)y uonoung feipey

0.2
r (bohr)

0.1

0.0
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Si 2s

=14

(4)d uonouny [eipey

-10

1.0

0.8

0.6

0.4

0.2

0.0

r (bohr)
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(4)d uonoun4 eipey

r (bohr)

16



Si 3s

(1) uonoun4 [eipey

r (bohr)

Si 3p

(4)d uonoun4 eipey

r (bohr)
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i. In ammonia, the only "core" orbital isthe N 1s and this becomes an a; orbital in Cgy
symmetry. The N 2sorbitalsand 3 H 1s orbitals become 2 a; and an e set of orbitals.
Theremaining N 2p orbitals also become 1 a1 and a set of e orbitals. The total valence
orbitalsin Cz, symmetry are 3a; and 2e orbitals.

ii. In water, the only core orbital isthe O 1s and this becomes an a; orbital in Cyy,
symmetry. Placing the moleculein the yz plane allows us to further analyze the
remaining valence orbitals as: O 2p; = &, O 2py asbp, and O 2py asb;. The(H 1s+H
1s) combination is an a; whereasthe (H 1s- H 1s) combination is a by.

iii. Placing the oxygens of HoO> in the yz plane (z bisecting the oxygens) and the (cis)
hydrogens distorted slightly in +x and -x directions allows us to analyze the orbitals as
follows. Thecore O 1s+ O 1scombination is an aorbital whereasthe O 1s- O 1s
combination isab orbital. The valence orbitalsare: O2s+ O 2s=ga 02s-02s=b, O
2px+ O 2px=b,02px-02px=a,02py+02py=802py-02py=b,02p,+02p;

=b,02p,-02p;=a, H1s+H1ls=a andfinaly theH 1s- H 1s=h.

iv. For the next two problems we will use the convention of choosing the z axis as

principal axisfor the Dyp, D2, and Cpy point groups and the xy plane as the horizontal

reflection plane in Cs symmetry.

Dyh D2n Cov Cs
N 1s Sg g =1 a
N 2s Sg &g =1 a
N 2py Pxu bsy b1 a

18



N 2py Pyu boy bo a

N 2pz Su b]_u a1 a’

.1
&% _ npx
a Yn(XF%'a SinC

Pr(X)cb = Y n|2(x) dx

L
The probability that the particleliesin theinterval O £ x £ 7 isgiven by:

L
4

L

Z e "

. X0Q
Pn =8P (x)dx = g% Si nZ@EBjX

0 0

Thisintegral can be integrated to give::

np

4
1= arf GRS
0

19



_1o 1 @po
=7 ~2pn SNEZ 0

0 1
b. If niseven,Sin%B:Oand Ph=27 .

5
If nisoddandn=15,9,13, ... Sin%ﬁ =1

5
If nisodd and n=3,7,11,15, ... Sin%ﬁ =-1

1 1
and Pn=7 +2pn

1 1
The higher Ppiswhenn=3. ThenP,=7 +2p3

-iHt -iEnt -IEmt
c.Y(t):eh [aYn+me] =aYpe h +bY me h

GERt 1=
HY =aY¥ Ee N +bYEme N

|(En-Em)t
<YH|Y> =|a2Eq+ bREm +abe N <Y HYm>

'|(Em'En)t
+hee N <YpHY>

Since <Y pHIY m> and <Y m|H|Y h> are zero,

<Y [H|Y > = |a]2En + [b]2Em (note the time independence)

20



d. The fraction of systems observedinY ,yis|a2. The possible energies measured

are Ep, and Em,. The probabilities of measuring each of these energiesis |aj2 and |bf2.

e. Oncethe systemisobserved in Y p, it staysin Y .

. )
f.P(En) =1<YnlY>t =lcnl

L
6 )
O~ [2.. 2pxQ [30
Cn= 5%3 ngLLE\/% x(L-x)dx
0

L
608 _ aBpx0
= V%S X(L-x)Si n@fﬁdx
0

{gﬁ XSi n@gﬁx §x28| n@%ﬁ H

These integrals can be evaluated to give:
60§ L2 pxd Lx pxA
Cn %q—mZPZ Sing 2" o np S%LE_Q}
GO%XL px0 Fp2x2 03 pxA L Y
\/7 2p2S sing L fzrgﬁ m3p3b05§ i
60{ L3 ,
Cn="\/ L6 L n2p2(SiN(np) - Sin(0)y

2
- n—p(LCos(np) - OCosO) )

2Lz :
- (nz_pz( LSin(np) - OSi n(O))

21



3
-(n2 2-2L—Cos(n)
("P%~ 2 n3p3 P

2n2
O cox0))

L3
= LB - i Costnp) + (202 - 2) 5 Cost)

213
2
1 1 20
= BOB, ()" + (1202 - 2y aea- D + iz

20
Cn= \/_0%1“_') *ho np n3p3a 1) * 5303 n3p3ﬂ

260
Cn = ns—\/; )(-CDM+ 1

4(6
ol = T )~ + 12

If niseventhenc, =0

(4)(60)(4) 960

If nisoddthencn =

The probability of making a measurement of the energy and obtaining one of the

eigenvalues, given by:

n2p2h2 .

P(En) =0if niseven

90 . .
P(En) :nG—pG if nisodd

22



10.

<YHY>=a c'eh <YiHY;>e N ¢

9. <Y[HY> =

:33

o OO> (@5} o

80 2 &2 0
5%21?(('- -X)§

1

1
280 e
&5 %X(L x)gz— _2%5%X(L-X)dX

& 2l XL-x?) dx

aeloL

~émL5 ﬂo

thd'_
= &T@ xL-x2dx

Sy
emL 0

& x2 x30 L

~emL> , 0

@ 3130

= &mL5F£2730

R

~emL2

30h2  5h2

iEit HE

J

x(L X)(-2)dx



Since <Y i|H|Y ;> = Ejdij

i(Ej-Ejt
<YHY>=a ¢'GEe h
j

<YHY>=a C"CjE;j (not time dependent)
j

For other properties:
Eit gt

<YIAlY> =é Ci"e h <YilAlYj>e h G
ij

but, <YilA[Y > does not necessarily = gdij becausethe Y are not eigenfunctions of A

unless[A,H] =0.

i(Ei-Ejt YIAY
<YAY>=a c’Ce h <YiAl=>
ij

Therefore, in general, other properties are time dependent.

11.

a. The lowest energy level for aparticlein a 3-dimensional box iswhenn; =1, np =1,

and n3 = 1. Thetotal energy (withLqy =L =L3) will be:

h2 5 5 5 3h2
Etotal = 8mL2( N14 + np< + n3 ) = 8mL2

24



Note that n = 0 isnot possible. The next lowest energy level is when one of the three
quantum numbers equals 2 and the other two equal 1:

n=1Ln=1n3=2

n=1Ln=2n3=1

n=2n=1n3=1
Each of these three states have the same energy:

h2 5 9 5 6h2
Etotal = gy 2(M” + N2+ N3 =g 2

Note that these three states are only degenerateif L1 =Ly = Ls.

b. % Y %Y ¥ odigtortion, %Y YV
Y Ya
¥ A
Li=Lo=L3 L3t Li1=L>

ForLi=Lpo=L3 V=L1lLoL3= L43,
Etotal(L1) = 261 + €2

2h2®2 12 120 @2 12 220
=8md 2T L2 L2 TBME 2T 2T L2

_2n®3 0 1n®e 0 n2:20
= 8md 12 * B 125 ~ 8md 12y

ForL3® Li=Lp V=Lilol3= L12L3, L3 =V/L12

Etota(L1) =281 + &

25



2h2®2 12 120 qpe®2 12 220
=BME 2T L2 T L2g TBMEA 2T L2 T L2

2h22 10 1028 40

=8mg 2 L2p" Bmd 2 T L2

2@ 1 1 29
“8mg 12 L2 L2 T L2y

23 39 W® 60
~8md 127 L2 T 8mg 12 Lg%

In comparing the total energy at constant volume of the undistorted box (L1 =L2=1L3)

versus the distorted box (L3* L1 =L>) it can be seen that:

P& 60 h&20 \
8m%_12 2y £ 8m%-126 aslongaslL33 L1

c. In order to minimize the total energy expression, take the derivative of the

. . fEtotal
energy with respect to L, and set it equal to zero. Ly, - 0

SméL 3T V2 m”

8312 241130
e'L13+ V2 g~

26



L3=v2L1

d. Calculate energy upon distortion:

cubes V=L13,L1=Ly=L3= (V)%
distorted: V=L12L3=L12/2L1 =243
2/ & 2/ 5
L3=\/§g\55 limle=g oy
DE = Etotal(L1=L2=L3) - Etotal(L3* L1=L2)

_h®20 n®6 60
~8mg 125" 8myd 2" L%

2212 6RU3 U0
=8médy23-y23 T oy3y

_ h2&2- 993
“8me V23 g

h2
SinceV =8A3, V23 =4A2=4x 1016 cm2, and gy = 6.01 x 1027 erg cm2:

_ 27 2889—12 - 9(2)3 9
DE = 6.01 x 10<" erg cm<g~ 7016 cm2g

27



2  0.66 0
27 26—~
DE = 6.01 x 1027 erg cM%g; 5, 10-16 26

DE=0.99x 1011 erg

1 lev
DE=0.99x 10 erg Bx 10 1Zergg
DE =6.19eV
12.
_hz} @ 92U ‘ .
a H=omiga ."—ygg (Cartesian coordinates)

Finding .ﬂlx and% from the chain rule gives:

MO T MO T

T &0 7 &0 7
e =Go 1 +Bho, 1 - vy =By, 3t +Eys,

Evaluation of the "coefficients" gives the following:
ro i Sinf
xo =Cost  &xe =-"7
y y

/O Cosf

qu =Sinf , and %-”—g ==,

Upon substitution of these "coefficients":

Sinf Sinf
ﬂlX:COSf%_Tnﬂl =- II:] 1‘1[1 at fixedr.
q Cost 1  Cosf

28



Sin?f §2  Sinf Cosf 1
=72 g2t 2 1 ;at fixedr.

Cos%f T2 Cosf Sinf _
2 2" 2 qf ;afixedr.

T2 92 Sin% 92 SinfCosf § Cos?f 12

B b 1 < CosfSinf
w2tw2= 2 g2t 2 Wtz g2 2 W
112 .
=22 ;at fixedr.
-h2 92
So, H = 2mr2 qf 2 (cylindrical coordinates, fixed r)
-h2 92

The Schrodinger equation for a particle on aring then becomes:

HY =EY

12 12F
2| ﬂfz = EF

ﬂ_aaEg
ﬂZ(éﬂ

The general solution to this equation is the now familiar expression

1
. : IEG
F(f)=Cieim + CodMf  wherem = ﬁgz

29



Application of the cyclic boundary condition, F (f ) = F (f +2p), results in the quantization

m2h2
of the energy expression: E= "5~ wherem =0, 1, 2, +3, ... It can be seen that the

+m values correspond to angular momentum of the same magnitude but opposite

directions. Normalization of the wavefunction (over the region 0 to 2p) corresponding to
1

: : &l & -
+or - mwill result in avalue of gpg for the normalization constant.

.1
\ F(f) :?g%%émf

(+4)2h2

%Y Yaa T
2l

(£3)2h2

3% Y% o1
2l

(+2)2h2
YaYa Yaa 2|

- (+1)2h2
% %Y 2

0)2h2
[z ( )2|

h2
b. 5 = 6.06 x 1028 erg cm?

h2  6.06 x 10-28 erg cm?
2mr2 = (1.4 x 108 cm)2

=3.09x 1012 erg

DE = (22-12)3.09x 1012 erg=9.27 x 1012 erg

30



but DE=hn=hc/ Sol =hc/DE

_ (6.63x 102 erg sec)(3.00 x 1019 cm sec'1)
I = 9.27x 102 erg

=214x105cm=214x 103A
Sources of error in this calculation include:
I. The attractive force of the carbon nuclei is not included in the Hamiltonian.
Ii. The repulsive force of the other p-electronsis not included in the Hamiltonian.
iii. Benzeneisnot aring.

iv. Electrons move in three dimensions not one.

13.

4 2
Y (f,0) = 3—pCosf.

This wavefunction needs to be expanded in terms of the eigenfunctions of the angular

2 10
momentum operator, %rihﬂlfa. Thisis most easily accomplished by an exponential

expansion of the Cos function.

4 @ + eif GBI + eif
Y(F.0=\/3p¢ 2 % 5

= gg\/;ip( gf + g2if 4+ 2e(0)if)
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The wavefunction is now written in terms of the eigenfunctions of the angular

> 10 . . o 1
momentum operator, glhﬂ—fg, but they need to include their normalization constant, \/?
p

Y (f,0) = g{\/_pg—eafju\/_pe—af+ \/_pe(0)|f_

?\/7 e/ q/ /

1_331

= &—e2|f +—g2f y — e(O)If—
©V6 2p 2p

Once the wavefunction is written in this form (in terms of the normalized elgenfunctions
of the angular momentum operator having mh as eigenvalues) the probabilities for

observing angular momentums of Oh , 2h , and -2h can be easily identified as the squares

of the coefficients of the corresponding eigenfunctions.

14.

1 602 x 10-12 erg®
a 3 mv2 =100 eVg Tav g@

,_ ?2)1 602 x 10-10 erg?
v 9.109x 1028y g
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v = 0.593 x 109 cm/sec

The length of the N2 moleculeis 2A = 2 x 10-8 cm.

V=

~0o

d 2x108cm
~v

- - 17
1=V = 0593 x 109 cn/sec — 507 X 107/ sec

b. The normalized ground state harmonic oscillator can be written as:
014 Rl
—_ - 2 — C—= —_
Yo—%g gax42, Wherea—ghzfzj andx=r-re
Calculating constants;

) @.294 x 106 g sec'?)(1.1624 x 1023 9)}%
aNp = & (1.0546 x 10-27 erg sec)? o

= 0.48966 x 1019 cm-2 = 489.66 A-2

1
For No: Yo(r) = 3,53333,&_2 er(244.83A'2)(r-1.09769/Z\)2

. ?2.009 x 106 g sec2)(1.1624 x 10-23 g)?%
aNp" = & (1.0546 x 10-27 erg sec)2 o

= 0.45823 x 1019 cm2 = 458.23 A-2

1
ForNot:  Yolr) = 3.47522A ° e(229113A9)(-1.11642R)2

. )
c. P(v=0) =1 <Y y=0(N2*)¥4 y=0(N2) >}

Let P(v=0) =12 where | = integral:

+¥
8 L

|= 0(3_47522A_ze-(229.113A'2)(r-1.11642,&)2) :
-¥



1
(3.53333A 2 e(244.830A-2)(r-1.09769A)2) g

1 1
Let Cy=34752A %, C,=353333A 2,

A1=229.113A-2 A, =244.830A-2
r1 = 1.11642A, rp = 1.09769A,

+¥

0
| = C1Cp 0T A?

Focusing on the exponential:
-A1(r-r1)2-Aa(r-rp)2 = -A1(r2 - 2rqr +r12) - A(r2 - 2ror +r92)
=-(A1+ AQr2 + (2A1ry + 2Aoro)r - A1 - Agrp?
Let A=A1+Ay
B = 2A1r1 + 2A0r2,
C=C1Cy, and
D=A1r12+ Aor2.

+¥

9 Ar2 -
|=COeAr +Br Ddr
-¥

+¥

Q .
-C oe—A(r—ro)2 +D'
-¥

where -A(r-rg)2+D'=-Ar2+Br-D
-A(r2-2rrg+1g?) + D'=-Ar2+ Br-D

such that, 2Arp=B
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-Arg2 + D' =-D

B
and, ro=5sa

B2 B2
D':ArOZ-D:Am -D=2zx -D.

+¥

0] .
| =COgAlr2+ D
-¥

+¥

0
= CeD' 0 gAY dy
¥

-con\[3

Now back substituting all of these constants:

p F2A1r1 + 2A0r))2 0
1=Ci1C\| AT+ A, OPE AALT Ay - All?-Ax?y,

| = (3.47522)(3.53333)\/(229.113) g (244.830)

22(229.113)(1.11642) + 2(244.830)(1.09769))20
- eXpe 4((229.113) + (244.830)) 2

- exp( - (229.113)(1.11642)2 - (244.830)(1.09769)?)

| =0.959

P(v=0) = 12=0.92, so there is a 92% probability.

15.
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1 )

K@ 1

En= Sqq_m£'7j &+ %
DE = En+1 - En

2kl 1 U 2k0Q

=§Lmrz%n+1+§-n-%yp -Fo

_ ?1.0546 x 10-27 erg sec)2(1.87 x 106 g sec-2)§
B 6.857 g/ 6.02 x 1023 o

Q10

=4.27x 108 erg

hc  (6.626 x 1027 erg sec)(3.00 x 1010 cm sec'1)

= DE 4.27 x 100183 erg
=4.66 x 104 cm

1
[ =2150cml

0v/4
b. YF%, eax?/2

<X> = LY y=0"xYY y=0>

+¥
= BY " xY gdx
-¥

+¥

§80% e
= g XeaxXTdx

-¥

+¥

Qeea 2 .,
= 8%%Q egaX d(_aXZ)
-¥
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21012 ¥

—%@ E'ax =0

<X2> = <sz01/2(21/2sz0>

+¥
= BY " x2Y gdx
-¥

+¥
2 28 01/2

= §§5 x2eax?dx
-¥

= 2§ x2eraX2dx
012ge 1 &PO12
= 2%@ g]ﬁ‘la%@
L6
= ©ap
21 0
Dx = (<x2> - <x>2)12.= 575

1
®h &

= ——
nJknP?

_ ge (1.0546 x 10-27 erg sec)? 0}1
= $4(1.87 x 106 g sec2)(6.857 g/ 6.02 x 103)g

=3.38 x 1010 cm = 0.0338A

4
Eh S

. Dx=¢ :
¢ enfkn®?

The smaller k and mbecome, the larger the uncertainty in the internuclear distance

becomes. Helium has a small mand small attractive force between atoms. Thisresultsin
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avery large Dx. Thisimpliesthat it is extremely difficult for He atoms to "vibrate" with

small displacement as a solid, even as absolute zero is approached.

16.
¥
a W= 8f"Hfdx
-¥
¥
b@ -bx2®h2 g2 0 _px2
Wzg' 5e  &Eomgetap  dx
-¥
d2  -bx2 -bx22
a2 © = dX%'ZbX [

_bXZO bXZO
=(-2bx) 2bx e g+ 2{ 2b)

@ _px2

e by
= 81h2x2 e ﬂ +&%be B

Making this substitution results in the following three integrals:

¥

88h200 -bx2 -bx2
? %ng Oe 42x2e dx +
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x2e

gg + @r?]zg té&po Q%g

1 " 3
aE&Zl e 5 20 3 3@120288102
S0, 28&pp b =&mp o, b =&m6a &ps

¥

-2bx2 20 o -2bx2
dx +?Q dx +

20
=&—\2p |
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.2
a %

&m
and, b = m;’ . Substituting this value of b into the expression for W gives:
p

%ﬁ%ma% Qaema 03
M [2p h2o PO & [2p h2o

; 2 1
_&h2%e ma g+ Qaema 03

M ph2e O 'Z’e\/_hZfa

4 122 1 1122 1
:23p3h33 3+23p3h33

ki 1 1102213 122 1
2323p3+23p 3‘413a3m3 =§(2|°) 3h3 3

2 2

17.

h2 d2 1
a H= 2md2+2kX2

5
15 -
fz\/; az(a2 x2) for-a<x<a

f=0 for [x|3 a

+¥
8 *Hf dx

40



+a

8 5 5 aeh2 2 1 5 5
A -2
0\/:5 a (8.2 X ) om dX2 + 2kX —\/IG a (8.2 XZ) dx

-a
+a
ae2 2 1 9
—el—raa5 (22 - x2)% &2m ax 2+2kx24a2 x2) dx
-a

+a

0 .
= &80 a5 8 (a2 - X% g (@2 - x2) dx

-a
+a
250 -3 1
+ €19 a0 (&2 - x2)5kx2(a2 - x2) dx
-a

+a

. Q $h2 9
= 820 a58 (22 - x5 5mp(-2) dx
-a

+a

+ BB 258 (k) (att -262x2 + x4) clx
-a

+a
g‘i i
fémfa 359 (a2-x2) dx + eg,—z 9 256 2fKx2 -2a2kx4 + kx® dx
-a -a

§5h29 ® Ta 1 J1d
= x D | = |+
16m @ & °Gx & 3%
Bk Ta 222k la k _I&

50 .
+ &0 ad x3l £ x2  +Zx0*
€37 Q_ 5 X% a7

9 Q a’k 4a’k 2k _0Q
ﬂ 5§a3 3asg+63_ﬂa5 - 5 +7a7g
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g el 2k k9
el aegmat+t 3 -5 t+t7a g

50  Ah2 2k kb _O
= €0 aSgm B+ & - +7pd

850 Ah2 5k 42k 15k0 9
- 835 i 2+ k106 - 105 + 10507 5

50 Bh? ko O s5h2 ka2
T4 a'5gma3 + %@&7ﬂ = 4ma2 +ﬂ

.1
20,
b. Substituting a = b%_ff into the above expression for E we obtain:

1 .1
_shzgmg  Ko%neG
E=202ménze + 14&m?

1

1 ..
2 1.0
—h ke MG g

s ke?

dE _ 1oh? 2ka _ 5h2  ka _
da ="amad * 14 = omad *7 =0

5h2  ka
>mad = 7 and 35h 2 =2mkat

.1
35h2 5h2;
So, & =5mk , OF 2= &mK o

8

.5 1
15 g&ﬂgg @?ﬁ 2
Thereforefpes ="\ 76 &mk#  &2mk? - X°@ -



.1 1 1 .1
5h2 mk@ 5h2% 72 28/
and Epest = Zme&3gn26 +14 mk@ =h K m &5 .

1 le 1 06
2 2@ +
Ebest'Etrue_ k™m " ée129 - 0.5g
Etrue - % _%
hk m 05

a5 @
€49 - 0.5  0.0976

18.
(0) L2 (0) L2
1
(0) h2
= 2melo 5 l(I+1)

b. V =-eez = -eergCosq
@
Eoo = <YoolV|Y00> = <Y ool-eeroCosqlY go>
= -eerp<Y oolCosqlY 00>

Using the given identity this becomes:

) 0+0+1)(0-0+1
Eg = -eero<YooIY10>\/((2(6):1))((2(0)132) *

(0+0)(0-0)

-eero<Y oolY - 1o>\/(2(o)+1)(2(0) 1)
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The spherical harmonics are orthonormal, thus <Y golY 10> = <YoolY-10> =0, and

1
Eoo =0,

. o
@) o jf <Ylm|V |Y OO>JI

Eoo = QA © _©)
Imtoo  Eoo-Eim

<Y ImlV[Yoo> =-eero<Y im|lCosqlY oo>

Using the given identity this becomes:

\/ (0+0+1)(0-0+1)
<YimlV[Yo0> =-eer<YimlY10>\/ (2(0)+1)(2(0)+3) *

0+0)(0-0
-eero<Y|mIY-1o>\/(2((())+1gE2(og- 1)

eerg
<YmV[Yoo> = -@<Y|mIYlo>

. I . . 2 .
This indicates that the only term contributing to the sum in the expression for Eqg IS

when [=1, and m=), otherwise <Y m[V[Y 00> vanishes (from orthonormality). In

guantum chemistry when using orthonormal functionsit istypical to write the term

<YmlY10> asadeltafunction, for example dim,10 , which only has values of 1 or O; dij;

=1wheni=jandOwheni?! j. Thisdeltafunction when inserted into the sum then

eliminates the sum by "picking out" the non-zero component. For example,

eerp
<Y mlV|Y 00> =73 dim,10, o)

2
0 _ 8 €2 Amio” oo

Eoo = 3 © © - 3 O (0
Imt 00 Eoo - Eim Eoo - E10



(0) _ h2 _ 0) _h—Z — h?
E00 = omggz 0(0+D) =0and Exo =555 1(1+1) =17

Inserting these energy expressions above yields:

@ ek mgg?  mee2elrg?

B0 =73 T2 T an2
0 1 2
¢ Eoo =Eo) +Ew +E0Q +..
mee2e2rp?
=0+0- g
mee2e2rg?
T 3h2

PE 12 Freee2rg?0
Ad="M2% “q2é 302 o

2mee2rg?
- 3n2

1 3

2(9.1095x10-28g)(4.80324x 10-10g cm° s1)2r g
d  a= 3(1.05459x1027 g cm2 s 1)2

a = rg? 12598x106cm-1 = rg? 1.2598A-1
apy = 0.0987 A3

acs=57.57 A3

19.
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L d -
-33? 35u he X3
,—‘1 P ~a SIS
’:1‘,- ‘."¢~ ------- i“-‘:‘
20, 20, 2 P4 . LIS < -
pX pZ - - -2 ~en Se v~
Py Pz __, T NT It dae e 2Pz 2Dy 2Dk
Smotv e, ThellL 35 ______ el e
et~ -~ g Laa-"" ¥l
. S— LeIl=
YOS gt3>"
fa  p 1pu ae®
_________ Tt e el
25 _LgpzzmemtTT 2sy b T T —
"""""""""""""
............
g
2sq
1s,
1S aecizmaezmmer=-mrT TR Reesmaecaaaoan 1s
T —_——meemArm=TR e =R EEE e —
1s4
N N N

The above diagram indicates how the SALC-AOs are formed from the 1s,2s, and 2p N
atomic orbitals. It can be seen that there are 3s g, 3sy, 1pux, 1puy, 1Pgx, and 1pgy SALC-
AOs. The Hamiltonian matrices (Fock matrices) are given. Each of these can be
diagonalized to give the following MO energies:

3sg; -15.52, -1.45, and -0.54 (hartrees)

3sy; -15.52,-0.72, and 1.13

1pux; -0.58

1pyy; -0.58

1pgx; 0.28

1pgy; 0.28
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It can be seen that the 3s g orbitals are bonding, the 3s , orbitals are antibonding, the 1pyx

and 1pyy orbitals are bonding, and the 1pgx and 1pgy orbitals are antibonding.

20.

Using these approximate energies we can draw the following MO diagram:

““E-""'lh-"""\---"ih---‘_’__

<
. A 4
-~ ** 1S
o"‘ o“ 4a1 \\s\ ‘:‘I-bz )
- . N ’
‘t" ¢‘:‘ \\ "‘
t" 4';‘ 1b1 \\\ “‘
o ""7-"'~~, "'\1\
. T— >
2px 2py sz:“:?‘. ‘:;.—53a ~z;’:4’ ‘\\
; . .t 1 . Lo AN
1b1 1b2 ,;‘ 3a]_0‘l:‘ ™ com—— "“"-W ““~
" 3 - -
6:—“' ' 1b2 ii“i:“’_
4 % -
\~
> S N L.t 1sg
\‘§~ \“ ‘—"‘“
’."~.. \ ‘.*"v
Q\g“_"‘i“'
28.1
_.--.‘—-1.---‘--1h-w'—
1s 1y 1a
C C "
H H
z
%y
X

This MO diagram is not an orbital correlation diagram but can be used to help generate
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one. The energy levels on each side (C and H») can be "superimposed” to generate the
reactant side of the orbital correlation diagram and the center CHo levels can be used to
form the product side. Ignoring the core levels this generates the following orbital

correlation diagram.

Orbital-correlation diagram for the reaction C + Hy ----- > CH, (bent)

____________________________

Su(b2) b(antibonding)
a1 (antibonding)

Py
-
->®
v
""""
-
-
-t
¢¢¢¢
-®

2pq(by)  2py(by) TEBARL T e
....... - _“““_“_E)l(pr)
) RSN ?1(non-bond| ng)
b,(bonding)
-------------------------- a;(bonding)
Sg(a)
C+H, CH (bent)

21.



a. Thetwo F p orbitals (top and bottom) generate the following reducible
representation:
Dan E 2C3 3Cy sp 253 3sy
Gp 2 2 0 0 0 2
This reducible representation reduces to 1A' and 1A2" irreducible representations.
Projectors may be used to find the symmetry-adapted AOs for these irreducible

representations.

1
fag = p5(f1-f2)

fogr =1+ 2

b. The threetrigonal F p orbitals generate the following reducible representation:
D3n  E 2C3 3C2 sh 253 3sy
Gp 301 3 0 1

This reducible representation reduces to 1A1' and 1E' irreducible representations.
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Projectors may be used to find the symmetry-adapted -AOs for these irreducible
representations (but they are exactly analogous to the previous few problems):
1
fag= @(fs +f4 + fs5)

fe=(U6)" (21~ 1,

1
fe=1p4-Ts).

c. The 3 P sp? orbitals generate
the following reducible representation:
Dan E 2C3 3Cy sp 253 3sy

Gsp2301301

This reducible representation reducesto 1A1" and 1E' irreducible representations. Again,

projectors may be used to find the symmetry-adapted -AOs for these irreducible

representations:

1
fag= @(fe +f7 +fg)
1
fe= \/_—6(2f6 -f7-fg)

1
fe=5(f7-Te).

The leftover P p, orbital generate the following irreducible representation:
Dan E 2C3 3Cy sp 253 3sy

sz 11-1-1-1 1

Thisirreducible representationis A"
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f g = fo.

Drawing an energy level diagram using these SAL C-AOs would result in the following:

*

— a3

— ay

22.

a. For non-degenerate point groups, one can simply multiply the representations (since
only one representation will be obtained):

agAbi=b
Constructing a"box" in this case is unnecessary since it would only contain asingle row.
Two unpaired electrons will result in asinglet (S=0, Ms=0), and three triplets (S=1,
Mg=1; S=1, Mg=0; S=1, Mg=-1). The stateswill be: 3B1(Mg=1), 3B1(Ms=0), 3B1(Mg=-
1), and 1B1(M g=0).
b. Remember that when coupling non-equivalent linear molecule angular momenta, one

simple adds the individual L, values and vector couples the electron spin. So, in this case
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(1py12p,Y), we have M values of 1+1, 1-1, -1+1, and -1-1 (2, 0, 0, and -2). Theterm
symbol Dis used to denote the spatially doubly degenerate level (M =%2) and there are
two distinct spatially non-degenerate levels denoted by the term symbol S (M =0)
Again, two unpaired electrons will result in asinglet (S=0, Ms=0), and three triplets
(5=1, Ms=1;S=1, Ms=0;S=1, Mg=-1). The states generated are then:

1D (M=2); one state (Ms=0),

1D (M =-2); one state (Ms=0),

3D (M =2); three states (Ms=1,0, and -1),

3D (M =-2); three states (Ms=1,0, and -1),

1S (M =0); one state (Ms=0),

1S (M =0); one state (Ms=0),

3S (M =0); three states (Ms=1,0, and -1), and

3S (M =0); three states (Ms=1,0, and -1).

c. Constructing the "box" for two equivalent p e ectrons one obtains:

ML 2 1 0
Ms
1 [p1ap-1a]
0 Ip1apab| [p1ap-1b|,
[p-12p1b|

From this "box" one obtains six states:
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1D (M =2); one state (Ms=0),
1D (M =-2); one state (Ms=0),
1S (M_=0); one state (Ms=0),

3S (M =0); three states (Ms=1,0, and -1).

d. It is not necessary to construct a "box" when coupling non-equivalent angular
momenta since vector coupling results in arange from the sum of the two individual
angular momenta to the absolute value of their difference. Inthiscase, 3d14dl, L=4, 3, 2,
1,0, and S=1,0. Theterm symbols are: 3G, 1G, 3F, 1F, 3D, 1D, 3P, 1P, 3S,and 1S. ThelL
and S angular momenta can be vector coupled to produce further splitting into levels:

J=L+S..|L-S
Denoting J as aterm symbol subscript one can identify all the levels and subsequent (2J +
1) states:

3G5 (11 states),

3G4 (9 states),

3Gz (7 states),

1G4 (9 states),

3F4 (9 states),

3F3 (7 states),

3F; (5 states),

1F3 (7 States),

3D3 (7 States),
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3Dy, (5 states),
3D1 (3 states),
1D, (5 states),
3P, (5 states),
3Py (3 states),
3Py (1 state),

1pPq (3 tates),

33, (3 states), and

1S (1 state).

e. Construction of a"box" for the two equivalent d electrons generates (note the

"box" has been turned side ways for convenience):

Ms 1 0
ML
4 |doadab|
3 |dradia| |doadib|, |dobdsa|
2 ldoadoal [d2adgb, |dobdoal,
|diadsb|
1 |d1adoal, ldoad.al [d1adgb, |d1bdoal,
ldoad.1b|,  |d2bd.al
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0 ldoad.zal,  |diad.;a| ldoad-gb|,  |d2bd.2al,
ldiad.1bl,  [|dibd.al,

|[doadgb|

The term symbols are: 1G, 3F, 1D, 3P, and 1S. The L and S angular momenta can be
vector coupled to produce further splitting into levels:

1G4 (9 states),

3F4 (9 states),

3F3 (7 states),

3F, (5 states),

1D; (5 states),

3P, (5 states),

3Py (3 states),

3Py (1 state), and

150 (1 tate).

23.

a. Once the spatial symmetry has been determined by multiplication of the irreducible
representations, the spin coupling gives the result:

1
NE [38a1a1bsb] - [3atb1bsal)

b. There are three states here :
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1) |3a1albqa|,
1
2.) E( |3aga1bib| + [3a1blbia |) ,and

3.) [3ab1bsb|

C. |3a1a3a1b|

24,

a. All the Slater determinants have in common the [1salsb2sa2sb| "core" and hence this
component will not be written out explicitly for each case.

3P(M=1,Ms=1) = |p1apoal
1 )
= [ +ipy) el

1 .
= Ja(IPapzal +ilpyapzal)

SP(ML=0Ms=1)  =|mapa|
1 _ 1 .
=I@(px+lpy)aﬁ(px-lpy)al
1
=7(IPxapxal - ilpxapyal + ilpyapxal + [pyapyaly
1. .
=72(0-ilpxapyal - ilpxapyal + 0y

1
=72 IPxapyaly

= -ilpxapyal|
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SP(M=-1Ms=1)  =|p.1apoa|
1 .
=[5~ ipy) a(poal

= J5(Ipapaal - ipyapaly
Asyou can see, the symmetries of each of these states cannot be labeled with asingle
irreducible representation of the Cyy point group. For example, |pxapzalisxz (B1) and
Ipyapzalisyz (B2) and hence the 3P(M =1,M s=1) state is a combination of B and B
symmetries. But, the three 3P(M|_,M s=1) functions are degenerate for the C atom and

any combination of these three functions would also be degenerate. Therefore, we can

choose new combinations that can be labeled with "pure" Cp, point group labels.
3P(xzMs=1) = [pxapza|
1
=2 3P(ML=1Ms=1) + 3P(ML=-1Ms=1)) =3B
3P(yx,Mg=1) = |pyapxal
13 3
=7( P(M |_:O,|V|5=1)) =9A>
3P(yzMs=1) = [pyapza|

1
=—/3 = =1) -3 =- = =3
3 CPML=LMs=1) - 3P(ML =1 Ms=1)) =3B,

Now, we can do likewise for the five degenerate 1D states:

IDM=2Ms=0) = |p1apib|

1 1
= I@(px +ipy) a@(px +ipy) b
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1 _ .
=3 Ipxapxbl + ilpxapybl + ilpyapxb| - [pyapybl)

ID(ML=-2Ms=0)  =|p.1ap-1b|
1 _ 1 .
:|E(px4py) a\/——z(px-lpy) b
1
= 2(IPxapxbl - ilpxapybl - ilpyapxb| - [pyapybly

1
'DML=LMs=0) = 5(Ipoapibl - Ipobpaal)

= 33Pa (P + ipybl - [(PID (P + iPy)al

1 _ .
= 2(IPzapxbl + tipzapybl - [pzbpxal - ilpzbpyaly

|+

IDM=-1Mg=0) = 5( IPoap-1b] - [pobp-1aly

<|

1lee 1 _ 1 | 5
33P2a 5(Px - ipy)bl - (b (Px - ipy)als

1
= 2(IPz2pxb| - ilpzapybl - Ipbpxal + ilpZbpyaly
1
ID(ML=0Mg=0) = NG 2lpoapob] + [p1ap-1b| + [p-1apably
1 1 o1
= Jg(2lpzapcb] + [75(px + ipy)a f5(ox - ipy)b
+i i L +j b)
|\/§(px"py) a\/é(px ipy) b

_ i(z b
G Ipzapzb|
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1 : .
+2(Ioxapxbl - ilpxapybl + ilpyapxbl + Ipyapybly

1 _ :
+5(Ipxapsbl + ilpapybl - ilpyapybl + pyapybl) )

1
= J6( 2lpzapz0l + Ipapxbl + pyapyb) )

Analogous to the three 3P states, we can also choose combinations of the five degenerate

1D states which can be labeled with "pure" Cyy, point group labels:
1D(xx-yy,Ms=0) = |pxapxb| - [pyapyb

= (1D(|\/| L=2,Ms=0) + 1ID(M |_:-2,|\/|s:0)) =1A4
1D(yx,Ms=0) = [oxapyb| + Ipyapxbl
1
=7( ID(M =2,Mg=0) - ID(M L:-Z,MS:O)) = 1A,

1D(zx,Ms=0) = |pzapxb]| - |pbpxal

= (lD(l\/l L=1,Ms=0) + 1ID(M |_=-1,|\/|S=O)) =1B;
1D(zy.Ms=0) = Ipzapybl - [pzbpyal
1
=7( ID(M =1,Mg=0) - ID(M| =-1,M s:O)) =1B,

1
1D(2zz+xxc+yy,Ms=0) = g 2Ipzapzb| + Ixapxbl + Ipyapybly )

=1D(M_=0,Mg=0) = 1A,

The only state left isthe 1S:

1
'SML=0Ms=0) = (IPoapobl - [P1ap.1b] - Ip-1apably
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1 1 : 1 :

= T5(IPzapcbl - E5(px+ imy)a (- ipy)bl
1 _ 1 _

- [75(P - ipy) @ 5P + ipy) bi)
1

= @(Ipzapzbl

1 _ .
- 2(IPxapxbl - ilpxapybl + iloyapxb| + [oyapybl)
1 . .
- 3 Ipxapbl + ilpapybl - ilpyapxbl + Ipyap,bly )

1
= [3(IPz2p2b] - Ipxapxbl - [pyapyb) )

Each of the components of this state are A; and hence this state has

A1 symmetry.

b. Forming symmetry-adapted AOs from the C and H atomic orbitals would

generate the following:
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I

st HlS - S =aq Hls Hls

H H H
H H H
CZs = C2p = b1

The bonding, nonbonding, and antibonding orbitals of CH» can be illustrated in the

following manner:

H H
H H
s=a s = by n=a; pp = b1

s* = a, s*=Db,
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Orbital-correlation diagram for the reaction C + H, ----- > CH> (bent)

Su(b) b,(antibonding)
o uee=>""" gy (antibonding)
2py(by) 2y (o) T BARLY T T e
'“‘--.,“ ______ p1(2pp)
e ""'““'“‘“""—':,._“'_N?l(non-bonding)
b,(bonding)
pemAmP=ALPEEERE TR =TS "--"--“é]mng)
Sg(aw)
C+H, CH, (bent)

d. - e. It is necessary to determine how the wavefunctions found in part a.

correlate with states of the CH2 molecule:

3P(xz,Ms=1); 3B1 = s ?S?pxPz % %® S2n2pps*

3P(yx,Ms=1); 3A2 = s ?s?pypy %:%® S2n2pps

3P(yz,Ms=1); 3B2 = s g2s2pyp; %%® S2n2ss*

1D(xx-yy,Ms=0); 1A1 %:%® s2n?pp2 - s2n2s2

1D(yx,Ms=0); 1A %:%® s2n?sp,

1D(zx,Ms=0); 1B1 %:%:® s2n?s*pp

ID(zy,Mg=0); 1B2 %:%:® s2n2s*s

1D(2zz+xx+yy,Ms=0); 1A1 %%® 252n2s*2 + s2n2p,2 + 520252
Note, the C + H» state to which the lowest 1A 1 (s2n2s2) CH> state decomposes would be
sg2s?py2. This state (s g2s?py2) cannot be obtained by a simple combination of the 1D

states. In order to obtain pure s ¢?s?py? it is necessary to combine 1Swith 1D. For

example,
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1 1
s¢?s%py2 = 5(\6 1D(0,0) - 2315(0,0)) - 3(1D(2,0) +1D(-2,0)) .
Thisindicates that a configuration correlation diagram must be drawn with a barrier near

the 1D asymptote to represent the fact that 1A, CHo correlates with a mixture of 1D and
1S carbon plus hydrogen. The C + Hy state to which the lowest 3B1 (s2ns2pp) CH> state

decomposes would be s g2spy2py.
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3Bl(sznzs*pp)

c('D) + He

W
(‘B2'A1' AL AL'BY)
382(525 nzs*)
29.2 Kcal/mole 3 Jitant
Pa-”
r"—
vV _cCP+Hp
‘ (*B1°B23A))
LSl CAx(s’snpp)
78.8 Kcal/mole
N 1A1 ;szszn22
97.9 Kca/mole
¥ 3Bl(szsznpp)

f. If you follow the 3B1 component of the C(3P) + H> (sinceit leads to the
ground-state products) to 381 CH» you must go over an approximately 20 Kcal/mole
barrier. Of course this path produces 3B1 CH» product. Distortions away from Coy

symmetry, for example to Cs symmetry, would make the a; and by orbitalsidentical in
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symmetry (a). The by orbitals would maintain their different symmetry going to a"
symmetry. Thus3B4 and 3A2 (both 3A" in Cg symmetry and odd under reflection
through the molecular plane) can mix. The system could thus follow the 3A2 component
of the C(3P) + H> surface to the place (marked with a circle on the CCD) where it crosses

the 3B surface upon which it then moves and continues to products. Asaresult, the
barrier would be lowered.

Y ou can estimate when the barrier occurs (late or early) using thermodynamic
information for the reaction (i.e. slopes and asymptotic energies). For example, an early

barrier would be obtained for a reaction with the characteristics:

Energy Tr.

Progress of Reaction

and alate barrier would be obtained for a reaction with the characteristics:
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Energy -

Progress of Reaction

This relation between reaction endothermicity or exothermicity and the character of the
transition state is known as the Hammond postulate. Note that the C(3P1) + Ho --> CHa
reaction of interest here has an early barrier.

g. Thereaction C(1D) + Hy ---> CH» (A1) should have no symmetry barrier (this
can be recognized by following the 1A 1 (C(1D) + Hy) reactants down to the A1 (CH»)

products).

25.

This problem in many respects is analogous to problem 24.

The 3B, surface certainly requires atwo configuration Cl wavefunction; the s2s2npy
(PZpy2spy) and the s2n2pys* (p2s?pxpz). The 1A surface could use the s2s2n2
(p2s?py?) only but once again there is no combination of 1D determinants which gives

purely this configuration (p2s2py2). Thus mixing of both 1D and 1S determinants are
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necessary to yield the required p2s?py2 configuration. Hence even the 1A1 surface would

require a multiconfigurational wavefunction for adequate description.

H
C>!Q ’
+ C > jDC
y H
! z
X
Orbital-correlation diagram for the reaction CoHs + C ----- > CzH>

wem==="""""by(antibonding)s * cc
L»~=""&(antibonding)s * cc

v, D(BONTNG)S o
as(bonding)s cc

-
il
*w
~ey

C2H2 +C C3H2

Configuration correlation diagram for the reaction CoHo + C ---> CgHo.
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e 3 2 2
o As(s“sn
C(lD) + C2H2 A,’ - 2( pp)
| 2 21, e
p’s“py” AL ™ - .
E, °B
E, > DE (for °B;)
CCP) + C,H 2 t
y 2 3
P’s"PxP; By .
2 3 DE °B
pZS pxpy A2 1
232 g * 3 2.2
p pypZ 2 . Bl(s (S npp)
‘N
N\,
E, = DE (for *A;) A (s%2n?)
26.

a. CCly istetrahedral and therefore is a spherical top. CHCI3 has Czy symmetry and
therefore is a symmetric top. CH2Cl» has Co, symmetry and therefore is an asymmetric
top.

b. CCl4 has such high symmetry that it will not exhibit pure rotational spectra
because it has no permanent dipole moment. CHCI3 and CH2Cl2 will both exhibit pure

rotation spectra.
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27.

NH3 isasymmetric top (oblate). Use the given energy expression,

E=(A-B)K2+B JJ+1),
A =6.20cml, B = 9.44 cml, selection rules DJ = +1, and the fact that % lies along the
figure axis such that DK = 0, to give:

DE=2B (J+1) = 2B, 4B, and 6B (J=0, 1, and 2).

So, lines are at 18.88 cm1, 37.76 cm-1, and 56.64 cn 1.

28.
To convert between cm and energy, multiply by hc = (6.62618x10-34]
$e€)(2.997925x1019%cm sec-1) = 1.9865x1023 J cm.

Let all quantitiesin cm 1 be designated with a bar,
£
eg. ée =178 cmL.

E L
a Ce_anez

mgmo  (11)(16)
M=ng + mg = (11 + 16) X 1.66056x10-2 kg

= 1.0824x10-26 kg.
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34
heBs = he(1.78 cnrl) = 3.5359x10°23 J

1.05459x10-34 J sec
\/(2)1.0824x10-26 kg.3.5359x10-23 J

e:

Re = 1.205x10-10 m = 1.205 A

3
BS y  4BS (4)(1.78 cmr1)3
= = = = -6 -1
e h\Nez ,66 \j{;ez (1885 Cm-j_)2 6.35x10° cm
2 V)
Chwer 5 wet (1885em)2 1
WeXe =7p0 » WeXe = %5 =(4)(66782.2 cm-T) — 1330 cm™.
e
) ¥4
hwe hweXe 3 Y9 We WeXe
0 _nO0O ——= 0 _KJ0 =
Dy =De -2 +717 ’60_6e'2+4
1885 13.3

=667822-—5 +7 71

=65843.0cm1=8.16¢V.

6B 6\ B3hwixe

ae= +
hwe hwe
Ya '6%‘62 6\ g4e3V\/3é4>(e
ae =737 + 7
We We
Y (-6)(1.78)2 (1.78)3(13.3) B )
de =7 (1885) * (1885) =0.0175 cmrL.

4 ¥

34 3
Bo=Be- ag(l/2) , By = Bb - 45(1/2) = 1.78- 0.0175/2
=1.77cml
4 Y

B1=Be- ag3/2), By = Bb - a5(3/2) = 1.78- 0.0175(15)

=1.75cm1
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b. The molecule has a dipole moment and so it should have a pure rotational
spectrum. In addition, the dipole moment should change with R and so it should have a
vibration-rotation spectrum.

Thefirst threelines correspondto J=1® 0,J=2® 1,J=3® 2

E=hwe(V+ 1/2) - hweXe(V + 1/2)2 + ByJ(J + 1) - DeJ2(J + 1)2

DE = hWe - 2h WeXe - BoJ(J + 1) + B1J(J- 1) - 4DeR

BE = Wi - 2Weke - Bp X+ 1) + By JJ- 1) - 4D, B

BE = 1885- 2(13.3) - 1.77X(J+ 1) + 1.75)J- 1) - 4(6.35x10-6)B
— 1858.4- 1.77)J+ 1) + 1.75JJ- 1) - 2.54x1053

BEQJ=1) =18549cml

BEJ=2) =1851.3cml

BE(J=3) =1847.7cml

29.

The C2H2Cl2> molecule has ash plane of symmetry (plane of molecule), a Co axis ( to
the molecular plane), and inversion symmetry, this resultsin Con symmetry. Using Cop
symmetry, the modes can be labeled as follows: ny, n2, n3, na, and ns are ag, ng and n7

are a, ng is by, and ng, N1, N11, and ny2 are by,
¢
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30.

Z
R_/S y
H” 9 Tl
Moleculel Moleculell
Rch=1121A RcH = 1.076 A
DHcH = 104° DHcH = 136°
yH = R Sin (g/2) = +0.8834 yH = £0.9976
zn = R Cos (g/2) = -0.6902 zn =-0.4031
Center of Mass(COM):
clearly, X =Y =0,
7 =120 21R4Cos(q/2) = -0.0986 Z =-0.0576

a Ixxzémj(yj2+zj2) -M(Y2+2Z2)

]

[
Ixy = - MjXjyj - MXY

j
L = 2(1.121)2 - 14(-0.0986)2

=2377

I = 2(1.076)2 - 14(-0.0576)2

=2.269
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lyy = 2(0.6902)2 - 14(-0.0986)2
= 0.8167

|22 = 2(0.8834)2
= 1.561

IXZ: IyZ: Ixy:0

lyy = 2(0.4031)2 - 14(-0.0576)2

= 0.2786
|52 = 2(0.9976)2

=1.990

b. Since the moment of inertia tensor is already diagonal, the principa moments

of inertia have already been determined to be

(la<Ip<le):
lyy <lzz <lxx
0.8167 <1.561 < 2.377

h

lyy <lzz <lxx

0.2786 < 1.990 < 2.269

6.626x1027  6.02x1023

16.
la

similarly, B:T

o,
Molecule|
yb A=2062
zb B=10.79
xp C=7.08
c. Averaging B + C:
B=(B+C)2=89%

A-B=1168

cml, andC=

16.84

cmrl,

Molecule 1l
y b A =60.45
zb B=8.46

xp C=742

B=(B+C)2=7.9

A-B=5251
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Using the prolate top formula:

E=(A-B)K2+B JJ+1),
Molecule | Moleculell
E=11.68K2 + 8.94)J + 1) E=5251K2 + 7.94)J+ 1)
Levels: J=0,1,2,...andK =0,1, ... J

For agiven level defined by Jand K, there are M j degeneracies given by: (2J+ 1) x

i,lfor K =0l
T2forkK? O?;
d.
Moleculel Moleculell
=> _
A

Il [

\//\H\/ y=l -y=>l
H H H

e. Assume molecule | isCH2 and molecule |l is CHy. Then,

DE = Ey(CHg) - E3(CH2), where:

E(CHp) = 52.51K2 + 7.94)(J + 1), and E(CH2) = 11.68K2 + 8.94J(J + 1)
For R-branches: J = J + 1, DK = 0:

DER = EJJ-(CHZ) - E3(CH2)

74



=7.94(3 + 1)(J + 1+ 1) - 8.94%(3 + 1)
= (g + 1){7.94(3 + 1 +1) - 8.943}
= (J + D{(7.94- 8.94)J; + 2(7.94)}
=(J + 1){-J + 15.88}
For P-branches: J = J - 1, DK = O:
DEp=Ey(CH2) - By (CH2)
=7.94(% - 1)(J - 1+ 1) - 8.94%(J + 1)
=J{7.94(J - 1) - 8.94(J + 1)}
= J{(7.94- 8.94)J; - 7.94 - 8.94}
= J{-J - 16.88}
Thisindicates that the R branch lines occur at energies which grow closer and closer
together as Jincreases (since the 15.88 - J; term will cancel). The P branch lines occur at

energies which lie more and more negative (i.e. to the |eft of the origin). So, you can
predict that if molecule | is CH> and molecule 11 is CH» then the R-branch has a band
head and the P-branch does not. Thisis observed, therefore our assumption was correct:
molecule | isCH2 and moleculell is CHa.

d(DER)
f. The band head occurs when —a3 =0

d(DER) d
d @@+ D{-J+1588]=0

d
= gj(-J2- J +15.88J + 15.88) =0

=-2}+14.88=0
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AtJ=7.44:

\ Jj=7.44, soJ=7or8.

DER = (J+ 1){-J+ 15.88}

DER = (7.44 + 1){-7.44 + 15.88} = (8.44)(8.44) = 71.2 cmrL above

the origin.

31

a

Den| E 2Cg 2C3 Co 3Co 3Co i 2S3 2Sg Sh 3sgq 3sy

Agl1 1 1 1 1 1 1 1 1 1 1 1 x2+y2 72
Ayg| 1l 1 i 1 -1 -1 1 1 1 1 -1 - R,

Big| 1 -1 1 -1 1 -1 1 -1 1 -1 1 -

Bog| 1 -1 1 -1 -1 1 1 -1 1 -1 -1 1

Eig|2 1 -1 -2 O 0 2 1 -1 -2 O 0 | Rx,Ry |(Xxz2,y2)
Exg|2 -1 -1 2 O O 2 -1 -1 2 0 ©O (X2-y2,xy
Ayl 1 1 1 1 1 i -1 -1 -1 -1 -1 -1
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Eiwl2 1 2 2 0 0 2 -1 1 2 0 0] &y

b. The number of irreducible representations may be found by using the following

formula:

1o
nirrep = ga Cred(R)Cirrep(R) '
R

where g = the order of the point group (24 for Dgp).

1o
N1y =248 Gepy(RALg(R)
R

1
24 {(D(©)(D)+(2)(O)(D)+(2)(0)(1)+(1)(0)(2)

+(3)(O)(D+)(A(V+(D)(O)(D+(2)(0)(D)
+(2)(0)(1)+(1)(6)(1)+(A)(A(D)+(3)(O)(1)}
=1
1
Ny = 24 { (D(6)(D+((0)(1)+((0)(D)+(1)(0)(D)

+3)(O)(-1)+)(A(-D+HD)(O)(1)+(2)(0)(D)
+)O)(D)+D)(E)(D)+(3)(A(-D+)(O)(-1)}

77




=0

1
nB1g = 24 { (D(B)(D+(Q)(0)(-1)+(2)(0)(1)+(1)(0)(-1)
+3)O)(D+R)Q)(-DHD(O)(D)+(A(0)(-1)
+2)O)(DHD(O)(-1)+(((D)+(3)(0)(-1)}

=0

1
NBog = 24 { (D(B)(D)+(2)(0)(-1)+(2)(0)(1)+(1)(0)(-1)

+3)(O)(-1)+)((V)+HD(O)(D)+(A(0)(-1)
+()O)(D)+D)(E)(-1)+(3)(A(-)+(3)(0) (D)}

=0

1
ne1g =24 {(D(6)(2+((O)(D)+(2)(O)(-1)+(1)(0)(-2)

+(3)(0)(0)+(3)(2)(0)+(1)(0)(2+(2)(0)(1)
+(2)(0)(-1)+(1)(6)(-2+(3)(2(0)+(3)(0)(0)}

=0

1
NEyg = 24 {(1)(6)(2+((0)(-D)+((O)(-D)+(1)(0)(2)

+(3)(0)(0+(3)(2)(0)+(1)(0)(2+(2)(0)(-1)
+(2)(0)(-1)+(1)(6)(2+(3)(A(0)+(3)(0)(0)}

=1

1
a1y =24 {(D(E)(D)+((0)(D)+()(0)(D)+(D)(0)(D)

+3)O)(D+R)QM)+(D(O)(-D+(A(0)(-1)
+)O)(-D)+D)(E)(-D+)(A(-D+B)(O)(-1)}

=0



1
Aoy = 24 {(D(E)(D+)(O)(D)+((0)(D)+(1)(0)(2)
+3)(O)(-D+3)(A(-DHD)(O)(-1)+(2)(0)(-1)

+)O)(-D)+D)()(-D+I))(D)+(3)(0) (D)}
=0

1
ey, = 24 {(D(B)(D)+(A)(0)(-1)+(2)(0)(1)+(1)(0)(-1)
+3)(O)(D)+B)(A(-D+D)(O)(-1)+(2)(0)(1)

+)(O)(-D)+D)()(1)+()A(-D+(3)(0) (D)}
=0

1
By, = 24 { (D(B)(D)+()(0)(-1)+(2)(0)(1)+(1)(0)(-1)
+3)O)(-D+B)M)HD(O)(-1)+((0)(D)
+)(O)(-1)+(D)(6)(1)+((A(D)+(3)(0)(-1)}

=1

1
ey, = 24 {(D(E)(D+(O)(D)+(J(O)(-1)+(1)(0)(-2)
+(3)(0)(0)+(3)(2(0)+(1)(0)(-2+(A(0)(-1)
+2)(0)(D)+D)(6)(2)+(3)((0)+(3)(0)(0)}

=1

1
ey = 24 { (D(6)(2+((0)(-1)+((O)(-1)+(1)(0)(2)
+(3)(0)(0+(3)(2)(0)+(1)(0)(-2)+(2(0)(D)
+2)(0)(D)+D)(6)(-2)+(3)(2)(0)+(3)(0)(0)}
=0

We seethat Gy = A1gAEgA B AEL,



c.xandyP Eiy,zP Ay, so, the ground state A1q level can be excited to the
degenerate E1, level by coupling through the x or y transition dipoles. Therefore Ey is
infrared active and ~ polarized.

d. (x2+y2,72) P A1g, (Xz,yz) P Eng, (X2-y2, xy) P Epg,s0, the ground state
A1g level can be excited to the degenerate Epg level by coupling through the X2 - y2 or xy
transitions or be excited to the degenerate A1g level by coupling through the xz or yz
transitions. Therefore A1g and Exg are Raman active..

e. The Boy mode is not IR or Raman active.

32.

a. Evaluate the z-component of ng;:

_3 -Zr
i = <2pzle r Cosq|1s™>, wherey 15= \/— %g e  and Y 2p, =

-Zr
\/—%Q, rCosqe
1 azé 1 azg 'ir) -aZOr
M :4—2p%ﬁ \/__p <r Cosqe““|er Cosgle © >
1 o 22 -aZOr
:mgﬁ <r Cosqe““|er Cosgle © >
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¥ p p® Zr -7

e FA . ¢ o
= —= & 8128 Singdq 8j §2e°X e X g Cos?
pvd osinada Ocj q
¥
Qe -37r0

e 0Q4 Za) g
4p 202 2p %g Gr e “Var S|nqC032qdq

e _@&Z&un 4

= V2 2p &g %OB 8_% C053q1
e oz (4 2°a0°4! 281

=apia 2 &8 35 %_ef((l)3 (1)3

b. Examine the symmetry of the integrands for <2p,| e x |1s> and <2p,| ey |1s>.

Consider reflection in the xy plane:

Function Symmetry
2Pz -1
X +1
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1s +1

y +1

Under this operation, the integrand of <2p,| e x |1s>is(-1)(1)(1) = -1 (itis
antisymmetric) and hence <2p,| e x |1s> = 0.
Similarly, under this operation the integrand of <2p;| ey |1s>is

(-1)(1)(2) =-1 (it isaso antisymmetric) and hence <2p,| ey |1s> = 0.

3hc3
¢ RTAE-EmP

_ 1 &0
51 = Fop, =2 2% Qaog

%2 0
Ef = E1s= 22 g,

3 %20 X
Ei-E= seaogz

Making the substitutions for E;j - Ef and |m;| in the expression for t g we obtain:

3h4c3

033@5300 28 O
geaoz °s g_@\/égsz
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h2
Inserting e2 = Meag e obtain:

_ h4C3 38% me4ao4 _ 3_8 C3805 me4
IR=""pzas T2 page

c3 a05 me4

= 25.6289 W

5
= 25,6289 545 X

(2.998x1010 cm sec-1)3(0.529177x10-8 cm)5(9.109x10-28 g)4

(1.0546x10-27 g cm2 sec'1)4
= 1.505x10°9 sec x %9
So, for example:
Atom tr
H 1.595 ns
He* 99.7 ps
Li*2 19.7 ps
Be*3 6.23 ps
Ne*9 159 s

33.
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a H=Ho+ I H(), H'(t) = Va(t), Hoj k= Eij k Wk = Ei/h

ih%—}{ = Hy

lety (r,t) = ihd gi(t)j j&™I! and insert into the Schrodinger equation:
j

[ N
inAl & - iwigtl el ; = ihd gB)e™it(Hg + | H(D) | |
] j

o ., .

a gh&j +Ej¢ - gE - g H'H e"Wth i=0
]

o & -

a elhéf<m|j> - gl <mH>u e™it=0
]

inGme™mt=Q ¢l Hipy ™t
j

1 -
Em="A gl Hiy iim!

Going back a few equations and multiplying from the left by j k instead of j ,, we obtain:

o <
A &n&<kj>- gl <kH|>b e™it=0
j

_ r o r
Ih(>:<k gkt = a gl Hj g'wt
j
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1 -
é(k = Eé Gl H'yj gl Wikt
J

Now, |et:
cm=cm@ + eyl + @I 2+ ...
ck = k@ + g + @12+ ..

and substituting into above we obtain:

@ + &1 +En@1 24 = & (GO + GO +61 2+
In .
j

first order:

X _ _
En@=0p c®=1
second order:

i =B GO Hi )

J

(n+1)S order:

(>;<m(n) = %é Gj (n-1) H'mj e—i(Wj m)t
n.
J

Similarly:

first order:

X

Ck@=0pb gum©@=0

second order:

5 =28 0 Hig ek
j

L] Hpy el 0mt
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(n+1)$t order:

é k() = lhé Cj(n-l) H'k; e Wikt
n.
J

o,

Cf® :% cm(© Hipm & (Wmm)! :% H'mm
| [

t
Vmmt
cmD(t) = L 8t vy =
|h0 ih

and similarly,

& = % cm(©) Hiyy €' (Wmk)t = i Hem € (Wmk)t

1 : Y
(O =7 Vim %dt (Wit =

m [ e—i(ka)t _ 1]

&En@ = - a ¢ H'yj € A(wjm)t
j

o 1 Vjm , 1 Vmmt
En@= & il ettt 1y Hi eIl o
jlm mj
o 1VjmVmj ! W et i (W mmem
m@=a = Bdr ¢! Mm)t elWmt - 7y Bt
I m
o V mj t |me|2 t2
=d gdt[l e'(Wlm)] T 2

hme 0
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2 ijij% e'i(ij)t-lg |me|2E

: e -wg - 2
jlm|h2wmJ im @ p2
VimV VimVmi V mml? t2
30 J(e'(""lm)t-l) + rnJt-| mm|
Jlmhzwmj2 itm iN2Wim 2h2
Similarly,

52 =2 B g Hig ekt
j

1 Vim
= a mEvj_[el(Wmt 1] Hk; e Wikt +
itm m|

x@n= Q' —’—lgdt &1kt [ giwmit . gy
Jlm mJ O

h2 0
_ o V]ka]%I(WmJ-FWJm)t 1 eI(WJk)t
T ey € Wk T i o
jitm
_meVkméél(ka)Q 1 ngt
h2 e &1Wmk ™ -(iwmk) ey

o VimVig EWmit. 1 gkt 19
My € Wk W

t
VmmVkm ét'dt' e (Wmk)t'
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N VmmVkm _i(ka)t-g 1 %Ito
2 VimVi ﬁ'i(""mk)t _1 elWikt 19
=8 E,-§&éEn-E  E-E o

Jtm

. VmmVkm _i(ka)tg_ 1 Q+ 1 u
h(Em - Ex) Wimk2™ Wik

So, the overall amplitudes ¢y, and cy, to second order are:

Vimt o, VimVmj

Cm(t) =1+— + . t+
in j1mlh(Em-Ej)
. . 212
é 'M (e-I(VVJm)t _ 1) - M
it mhz(Em - Ej)2 2h2
Vikm K
ck(t) = Em-El€ I(Wmi)t _ 1 +
VmmVkm i(w VimVkm t
——5rl-¢ k)t R 2 si(wmik)t
Em-E02[1 €] T BBy &0t

o VimVig Bitmit. 1 ikt 19
QEn-EEEn B ~ 5 E o
I m

b. The perturbation equations still hold:

) =B M Hiy 1M &40 =8 D g Tk
j ]

S0, cm(® =1 and ¢ (@ =0

1
é(m(l) =~ Hmm
in
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t

1 : V mmeht
e == Vi 8t et RLCLLE
in ¥ ihh

& = ih Hin €10t
|

t

1 2 . , Vkm
DD==—vVv gdt' "(ka"‘h)t -~ |(ka+h)t
TG inCiwmeth)! S ]
A[ e |(ka+h)t]
Em - Ex + ihh
X 1 Vim
(2 = '(Wm]+h)tv eht I(ij)t
o j? i Em - E +ihh e
1 Vim et
— t
in ihh Vimm €"
Cm(2)_ a iM gethd _l mm| gethdt
itm IhEm Ej+ihh y h2h e
-¥ VimV mj ezht_—lvr‘“'mI2 o2ht
it mih2h(Ern - Ej +ihh) 2h2h2
X A Vim
2 = el Wmjrhyt e - i Wkt 4
o j? ih Em - j +ihh K €
1 Vmment .
— H' -|(ka)t
ih ihh  km®
. . t
c(d = a 9.1 VimVig 8 i Wmk+2hyt g
N Em- E +ihh oy

jl
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t
VmmVkm ée_

i(ka+2h)t'dt-
nh  y

o VJ kaj e—i(ka+2h)t mevkm e—i(ka+2h)t

_j?m(Em - Ej +ihh)(Em - Ex + 2ihh) ~ ihh(Ep, - Ex + 2ihh)

Therefore, to second order:

meeht o VJmeJ
t)=1+ + ht
em() inh ? ih2h (Em - E; + ihh)
Vkm :
0= —— KMyt
%) = e © ]

ViV .e-i(ka+2h)t
+ é jmVkj

| (Em~Ej+ihh)(Em - Exc+2iMh)

c. In part a. the c(2)(t) grow linearly with time (for Vimm = 0) whilein part b. they

remain finite for h > 0. Theresult in part a. is due to the sudden turning on of the field.

VimVii o (Winic+2hyt : 2
(Em - Ej + ihh)(Em - Ex + 2i hh)i:i

i
d lok®P ={a
i

o ijij 'Vj mVj'm e—i(wmk+2h)tei (ka+2h)t
B i (B E5+ih0)(E-Ej-ih)(En-Eict2ihh) (En Ex-2ihh)

_ é, ViiVij'VimVim giht
N i [(Em-Ej)(Em-Ej-)+ihh(Ej-Ej-)+h2h2]((Em-Ek)2+4h2h2)

4h ViV VimVim
[(Em-Ej)(Em-Ej)+i hh(Ej-Ej-)+h2h2] ((Em-Ex)?+4h2h?2)

d
dqle®R= a
i

Now, look at thelimitash ® 0*:
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d
Tt lek(®)|2 * 0 when Em = Ex

lim 4h
h® 0" ((En-Ex)2+4h2h2)

a d(Em-Ex)

So, the final result isthe 2nd order golden rule expression:

—_r— ——

d 2p ) o ijij 12
a ¢ 2:_d E-E lim 1 —.I.
at [k O =~ d(EmE), @ g aj‘(Ej-Em-ihh)-I-

34.

[<nlV[m>|2

a Thm »
nm hZanZ

evaluating <1s|V|2s> (using only the radial portions of the 1s and 2s wavefunctions since

the spherical harmonics will integrate to unity) where V = (e2/r), the change in Coulomb
potential when tritium becomes He:

é ) -Zr
<1gV|2s> =828 e

_2@®¢ 1 @26 2 U
"\ h Gz LadEr
apd a9 (O

91



< CB%;ZaOZ 23302u
1sV[2s> = \/é g 63272 - 3322u

%03 §3)22a?- 802 87

< =
lsvies>= 15 BPz2 072218
Now,
Z72¢2 72¢2 72¢2 372¢2
En:-nZZa) lElS:-Za) 1EZS:-8a) 1EZS_E13: 8&)

&gz @
e\/§27aoﬂ 26722652 211
Tnm = ZZEQ = (2)3880224 = 3822 =0.312 (for Z= 1)

&g

gz
b imN=i15= 22 e ® Yoo

The orthogonality of the spherical harmonics resultsin only s-states having non-zero

valuesfor Apm. We can then drop the Y og (integrating this term will only result in unity)

in determining the value of A1s2s.

-Zr
1az§ae 716 oo
yn(r) = Ys=p5 5 &l 2202 © %0

Remember forj 1sZ=1andforysZ =2

Q -Zrl 1£ae (Z+1)rd {2
+ +2)r
Anm_OZ&O ao {20 0 &l - 280 5 € 220 rdr
1@ -(32+1)rae (Z+1)r0
+105Q +1)r
Apm = ? e 2 &l-"ap & redr
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3 3Z+1r -(3Z+1r U
%Q % ( : S@Z+yr3 (230) d
Anm = 2 dr-35 220 € ard
We obtain:
3 3,
_2EOE 1€ 2 g+16 (32 U
Anm =175 o e§z+103 280 5787+ 107
(e 280 9 2a0 9 (i
3 3¢
_ 22 5@+ § 2% (3)2%0%)

Anm = 2806 & a0 6 &3z+1)3 " (2D (3z+1)80

3 55,3 U
_2¥5 +1£§ & 2%
Anm = \/é%oﬂ 2 2 e(3z+1)4u

3
[23Z(Z+1) 2
S

The transition probability is the square of this amplitude:

& S
C 122 ))°T  puzazeny
Toim=€2~37q% 9 =" (az+pp =025 (forZ=1).

The difference in these two results (parts a. and b.) will become negligible at large values

of Z when the perturbation becomes less significant than in the case of Z = 1.

35.
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% isalong Z (lab fixed), andc% isalong z (the C-1 molecule fixed bond). The angle

between Z and z is b:
@3 @1 =enCosb = eerg;)(abg)
o,

—_ J J _ J J .
1=<pJ..[® -fhipJ >= §DM,K% fhp,? . Sinbdbdgda

N J, G L, B
= end DM'K‘DOODMK Sinbdbdgda.

Now use:

o] .
JI* 1* —_ 1 H * J* H 1 *
Dy Do = .a <IM'10jm>*D! <jn|JK'10>",

M'n'
jmn
to obtain:
| = emé_ <IM'10[jm>"<jn|JK'10> *8 D{;nD,\‘A]K Sinbdbdgda.
jmn
Now use:

0 i 3 o _8p2
0 DmnDMK Sinbdbdgda =537 djdmmdkn,

to obtain:
8p2 o . * _- *
I =empyg A <IM'10jm>"<|n|JK"'10> "djdmmdkn
jmn
8p2 . s
= 1 <IM'10|JIM><XK |JK'10>.
We use:
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<IKIIK'10> =231 (-)I-1+K) éig

and,

<IJM'10JIM> = \/2\]+1(_i)(J-1+M)$éiA8

to give:

| = eI G 13 8 ) 8138

J1J 13
= enBp2(-i)J-1+M+J- 1+K)ge;/l OMO$T 0K8

1) 69 13
= emBp2(-)MHOFL & 0k

The 3-Jsymbolsvanish unless: K'+ 0=K andM'+0=M.,
o,

| = engp2(-)M+HOZ 13 58T 19 Cel k.

b. g‘i}é'ﬂﬂ%andq(cmgvanishunless\]':\H1,J,J-1

\ DI=+1,0
The K guantum number can not change because the dipole moment lies along the
molecule's C3 axis and the light's electric field thus can exert no torque that twists the

molecule about this axis. As aresult, the light can not induce transitions that excite the

mol ecul €'s spinning motion about this axis.

36.
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1
a B atom: 1s22s22pl, 2P ground state L = 1, S=5 , gives adegeneracy ((2L+1)(2S+1))

of 6.

O atom: 1s22s22p4, 3P ground state L = 1, S= 1, gives a degeneracy
((2L+1)(25+1)) of 9.
The total number of states formed is then (6)(9) = 54.

b. We need only consider the p orbitals to find the low lying molecular states:

2p ‘%“‘~.. "‘56'1' 2
\\,\ 1p “'4"6
5s
Which, in reality look like this:
6s
4 ¢

4
jj_iz Al

Thisisthe correct ordering to give a2S* ground state. The only low-lying electron

configurations are 1p35s2 or 1p45s1. Theseleadto 2P and 2S+ states, respectively.



c. The bond ordersin both states are 2.5.

d. The 2Sis + but g/lu symmetry cannot be specified since thisis a heteronuclear
molecule.

e. Only one excited state, the 2P, is spin-allowed to radiate to the 2S*. Consider
symmetries of transition moment operators that arise in the electric dipole contributions
to thetransitionrate z® S*, x,y® P,\ the?P ® 2S*iselectric dipole alowed viaa

perpendicular band.

f. Since ionization will remove a bonding electron, the BO* bond is weaker than

the BO bond.

g. The ground state BO* is 1S+ corresponding to a 1p# electron configuration. An
electron configuration of 1p3 5s1leadsto a3P and alP state. The 3P will be lower in
energy. A 1p2 5s2 configuration will lead to higher lying states of 3S-, 1D, and 1S*.

h. There should be 3 bands corresponding to formation of BO* in the 1S*, 3P,
and 1P states. Since each of these involves removing a bonding electron, the Franck-

Conden integrals will be appreciable for several vibrational levels, and thus a vibrational

progression should be observed.

37.

a. The bending (p) vibration is degenerate.

b. H---C°N
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bending fundamental
c. H---C°N
Y
stretching fundamental

d. CH stretch (nzinfigure) iss, CN stretchis s, and HCN (n2 in figure) bend is

e. Under z (s) light the CN stretch and the CH stretch can be excited, sincey o =
S,y1=s andz=s provides coupling.

f. Under x,y (p) light the HCN bend can be excited, sinceyg=s,y1=p and X,y
= p provides coupling.

g. The bending vibration is active under (x,y) perpendicular polarized light. DJ=
0, +1 arethe selection rulesfor * transitions. The CH stretching vibration is active under

(2) || polarized light. DJ= 1 are the selection rules for || transitions.

98



38.

Ffi=eifj=hfi+é [Jj-Kj] fi
J

L et the closed shell Fock potential be written as:

Vij = é §<ik|jk> - <iklkj >8 , and the 1e- component as.
k

1~2 o) ZA
hj=< fil-2N2-Q R, fj > andthedeltaas:
A

dij = <ili> , sothat: hjj + Vjj = dij&.

using: fj = a CiiCm . fi= a ChiCn »andfy = a CgCq » and transforming from the MO

m n g

to AO basis we obtain:

Vij = é Cng(anCkk§<n’§]nk> - <rrg|kn>8
krmonk

= A (C4Cd(CriCry)B<mink> - <mgkn>3
krmgnk

= é (CanJ) Vrm Where,
m

V=8 Py&<mtink>- <ngkn>3, and Py = & (CyCid .
oK k

hij= & (CriCpy) hm , where
m

99



1o 2 Zn
hym = < c-2N -a|r_RA| |Cn> , and
A

dj = <ii> =& (CiSmCh) -
m

S0, hijj + Vijj = dijg becomes:

a (CoiCry) hm + a (CiCy) Vim = a (CoiSmCri) & -
m m m

o o ° . .
a (Cm'Sranj) §-a (Cm'an) hm-aQ (Crricnj) Vm=0forali,}
m m m

Q. Crif 8 - m - Vim) C = Ofor all i
m

Therefore,

é’l[hm+vnn-ejsnn-]cnj:o
n

Thisis FC = SCE in the AO basis.

39.

The Slater Condon rule for zero (spin orbital) difference with N electronsin N spin

orbitasis:
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N N
[¢} (¢} -
E=<H+G> =a <fihffi> +a &fifjlgifif > - <fifjlolf if i>z
i i>j
[] [¢}
=ahi +a (giji - Yijjiy
i i>j
o 1o
=ahjj +3a (ijii - Gijiiy
i ij
If al orbitals are doubly occupied and we carry out the spin integration we obtain:
0ogC 0ogC
E=2ahi + a (2gijij - Gijjiy »
i ij

wherei and j now refer to orbitals (not spin-orbitals).

40.

If the occupied orbitals obey Ff x = exf k , then the expression for E in problem 39 can be

rewritten as.
©¢ & o 0 occ
e=a ghii +a (2gijij - Gijjiy= + AN
i e j g i

We recognize the closed shell Fock operator expression and rewrite this as:
qcc
ogc ogc e

E=aFfi + ahi =a (& +hi
i i i
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41.

I will use the QMIC software to do this problem. Letsjust start from the beginning. Get
the starting "guess' MO coefficients on disk. Using the program MOCOEFS it asks us
for the first and second MO vectors. We input 1, O for the first mo (this means that the
first MO is 1.0 times the He 1s orbital plus 0.0 timesthe H 1s orbital; this bonding MO is

more likely to be heavily weighted on the atom having the higher nuclear charge) and O,

€10 00y

1 for the second. Our beginning LCAO-MO array looks like: 200 10 H and is placed

on disk in afile we choose to call "mocoefs.dat”. We aso put the AO integrals on disk
using the program RW_INTS. It asksfor the unique one- and two- electron integrals and
places a canonical list of these on disk in afile we chooseto call "ao_integrals.dat”. At
thispoint it is useful for usto step back and look at the set of equations which we wish to
solve: FC = SCE. The QMIC software does not provide us with a so-called generalized
eigenvalue solver (one that contains an overlap matrix; or metric), so in order to use the
diagonalization program that is provided we must transform this equation (FC = SCE) to

one that looks like (FC'= C'E). We do that in the following manner:

1 1 1

1
-5 -5 45
Since Sis symmetric and positive definite we can find an S ? such that S ? S ? = 1,S
1
2
S=S ,elc.

102



rewrite FC = SCE by inserting unity between FC and multiplying the whole equation on

1
the left by S_2 . Thisgives:

1 11 1 42
S’Fs°S C=S°SCE=S "CE
1 1
L etting: F=S ? FS ?
i
C=S 2 C, and inserting these expressions above give:
FC =CE
Note, that to get the next iteration’s MO coefficients we must calculate C from C':

1
4 1
C=S 2 C, so, multiplying through on the left by S ? gives:

1 1
s?c=s%s’c=cC

Thiswill be the method we will use to solve our fock equations.

1
Find 8-2 by using the program FUNCT_MAT (this program generates a function of a

matrix). This program will ask for the elements of the S array and write to disk afile

NIl =

(name of your choice ... agood name might be "shalf") containing the s array. Now
we are ready to begin the iterative Fock procedure.

a. Calculate the Fock matrix, F, using program FOCK which readsin the MO
coefficients from "mocoefs.dat" and the integrals from "ao_integrals.dat" and writes the
resulting Fock matrix to a user specified file (a good filename to use might be something

like "fock1").
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11 1
b. Calculate F =S ? FS ? using the program UTMATU whichreadsin Fand S ?

from files on the disk and writes F' to a user specified file (a good filename to use might
be something like "fock1p"). Diagonalize F' using the program DIAG. This program
reads in the matrix to be diagonalized from a user specified filename and writes the
resulting elgenvectors to disk using a user specified filename (a good filename to use
might be something like "coef1p"). Y ou may wish to choose the option to write the

eigenvalues (Fock orbital energies) to disk in order to use them at alater timein program

1
FENERGY. CalculateCby using. C=S ? C'. Thisisaccomplished by using the

programn MATXMAT which reads in two matrices to be multiplied from user specified
files and writes the product to disk using a user specified filename (a good filename to
use might be something like "mocoefs.dat").

c. The QMIC program FENERGY calculates the total energy:

Zndn
Rn‘n !

a 2<k|hjk> + 2<kI[KI> - <Kl[lk> + &
ki nen

and

0 o Znén
a e +<khk>+ a R -
k men

Thisisthe conclusion of oneiteration of the Fock procedure ... you may continue by
going back to part a. and proceeding onward.
d. and e. Results for the successful convergence of this system using the supplied

QMIC software are as follows (this data is provided to give the student assurance that
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they are on the right track; alternatively one could switch to the QMIC program SCF and

allow that program to iteratively converge the Fock equations):

-2.644200 -1.511300 Y

The one-electron AO integrals: 1511300 -1.720100 4

e
¢
é
€

The two-electron AO integrals.

1111 1054700
2111 0.4744000
2121 0.5664000
2211 0.2469000
2221 0.3504000

2222 0.6250000

€ 1.000000 0.000000 Y

The"initia" MO-AO coefficients: 80.000000 1_OOOOOOH

€ 1.000000 0.578400 Y

A overlgp matrix (S): € 0578400 1.000000 Hi
1 € 1168032 -0.3720709 Y
2 : ,

S §-0.3720709 1.168031 U
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kkkkkkhkkkhkkkk*kx

ITERATION 1

kkhkkhkkkkkkkkkhkhkk

€ 1.000000 0.0000000 Y

The charge bond order matrix: & 0.0000000 0.0000000

589500 -1.036900 U

€-1
. e - X
The Fock matrix (F): 8 -1.036900 -0.8342001 H

-1.382781 -0.5048679 Y
-0.5048678 -0.4568883 U

Nl
.
Nl

e
¢
é
€

The eigenvalues of this matrix (Fock orbital energies) are:
[ -1.604825 -0.2348450 ]

1
Their corresponding eigenvectors (C'= S "2 * C) are:

-0.9153809 -0.4025888 H

e
e
é u
€ -0.4025888 0.9153810 u

106



1
The "new" MO-AO coefficients(C=S 2 * C):

-0.9194022 -0.8108231

é
e
§-0.1296498  1.218985

The one-electron MO integrals:

-2.624352  -0.1644336

é
e
€ -0.1644336 -1.306845

The two-electron MO integrals:

1111 09779331
2111 01924623
2121 05972075
2211 01170838
2221 -0.0007945194

2222 06157323

The closed shell Fock energy from formula:

o o) Zmzn
a 2<k|hlk> + 2<kl|kI> - <kl|lk> + & Rm = -2.84219933
ki men
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from formula:

[] o ann
a e +<klhk>+ a Rm - -2.80060530
k nen

the differenceis: -0.04159403

kkhkkkkkkkkkkkk*k

ITERATION 2

kkkkkkhkkkhkkkkkx

€ 0.8453005 0.1192003 Y

The charge bond order matrix: € 0.1192003 0.01680906 &

€-1.624673 -1.083623 Y

The Fock matrix: & '
erockmalrix: € 1083623 -0.8772071 1

11 € -1.396111 -0.5411037 Y

S2Fs? e U
& -0.5411037 -0.4798213 U

The eigenvalues of this matrix (Fock orbital energies) are:
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[ -1.646972 -0.2289599]

1
Their corresponding eigenvectors (C'= S "2 * C) are:

-0.9072427 -0.4206074 H

g
& .0.4206074 0.9072427 4

1
The "new" MO-AO coefficients (C=S ? * C):

-0.9031923 -0.8288413 H

u

é
€
§-0.1537240 1216184 U

The one-electron MO integrals:

-2.617336  -0.1903475 Y

u

e
€
§-0.1903475 -1.313861 U

The two-electron MO integrals:

1111 0.9626070

2111 0.1949828

109



2121 06048143
2211 01246907
2221 0.003694540

2222 0.6158437

The closed shell Fock energy from formula:

3 o Znén
a 2<klhlk>+2<kIkI> - <kl[lk>+ & R —

ki nen

from formula:

[o] o ann
a e +<klhk>+ a Rm =
k nen

the differenceis:

kkhkkkkkkkkkkkk*k

ITERATION 3

kkkhkkkkhkkkhkkkikkx

€ 0.8157563

The charge bond order matrix: 8 0.1388423

= -2.84349298

-2.83573675

-0.00775623

0.1388423
0.02363107 U
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-1.631153 -1.091825 H

¢
. ¢ I
TheFock malrix: & 1 191805 -0.8853514 1

-1.398951 -0.5470731 U
-0.5470730 -0.4847007 4

Nl
.
N

e
¢
é
&

The eigenvalues of this matrix (Fock orbital energies) are:
[ -1.654745 -0.2289078

1
Their corresponding eigenvectors (C' =S 2 C) are

€-0.9058709 -0.4235546
§ -0.4235545 09058706 Ui

1
The "new" MO-AO coefficients(C=S 2 * C):

-0.9004935 -0.8317733 H

u

é
€
&€ .0.1576767 1.215678 U

The one-electron MO integrals:
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-2.616086 -0.1945811 H

u

é
¢
§-0.1945811 -1.315112 4

The two-electron MO integrals:

1111 0.9600707
2111 0.1953255
2121 0.6060572
2211 01259332
2221 0.004475587

2222 06158972

The closed shell Fock energy from formula:

[} o Zmz
& 2<khlk>+2<kilki>- <kllk>+ & R = -2.84353018
Kl men

from formula:

[] o Zn’Zn
a ec+<khk>+a g = -2.84225041

k nen
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the differenceis: -0.00127077

kkhkkkkkkkkkkkk*k

ITERATION 4

kkkhkkkkhkkkikkkikk

€0.8108885 0.1419869 Y

The charge bond order matrix: € 01419869 0.02486194 &

€-1632213 -1.093155 Y

The Fock matrix: & '
erockmalrix: € 1003155 -0.8866009 1
11 € -1.399426 -0.5480287
S2Fs? e U
& -0.5480287 -0.4855191 U

The eigenvalues of this matrix (Fock orbital energies) are:
[ -1.656015 -0.2289308 ]

1
Their corresponding eigenvectors (C' =S 2 C) are:

-0.9056494 -0.4240271 H

g
& -0.4240271 0.9056495 1
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1
The "new" MO-AO coefficients (C=S 2 * C):

-0.9000589 -0.8322428

é
€
§-0.1583111 1.215595

The one-electron MO integrals:

-2.615881 -0.1952594

e
¢
§-0.1952504 -1.315315

The two-electron MO integrals:

1111 0.959615
2111 01953781
2121 0.6062557
2211 01261321
2221 0.004601604

2222 0.6159065

The closed shell Fock energy from formula:
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o o) erZn
a 2<k|hlk> + 2<kl|kI> - <kl|lk> + & Rm - -2.84352922

Kkl nen
from formula:
2 o Znén
a e +<khk>+ a Rm = -2.84332418
k nen

the differenceis:

kkhkkhkkkkkkkkkhkhkk

ITERATION 5

kkhkkkkkkkkkkkk*k

The charge bond order matrix:

7

The Fock matrix:

(D> (DD

Nl
.
N

e
¢
é
&

-0.00020504

€0.8101060 0.1424893 Y

Ve

€ 0.1424893 0.02506241 1

-1.632385 -1.093368 H
-1.093368 -0.8869066 U

-1.399504 -0.5481812 U
-0.5481813 -0.4856516 i
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The eigenvalues of this matrix (Fock orbital energies) are:

[ -1.656219 -0.2289360]

1
Their corresponding eigenvectors (C'= S "2 * C) are:

€ -0.9056138 -0.4241026
§-0.4241028 0.9056141 (i

1
The "new" MO-AO coefficients (C=S 2 * C):

-0.8999892 -0.8323179 H

u

e
¢
§-0.1584127 1.215582 4

The one-électron MO integrals:

-2.615847 -0.1953674 Y

u

e
¢
§-0.1953674 -1.315348 U

The two-electron MO integrals:
1111 0.9595956
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2111 0.1953862
2121 0.6062872
2211 01261639
2221 0004621811

2222 06159078

The closed shell Fock energy from formula:

o o) ZrTZn
a 2<k|hlk> + 2<kl|kI> - <kl|lk> + & Rm - -2.84352779
kl nen
from formula:
[¢} o ZnZn
a e +<klhk>+ a Rm - -2.84349489
k nmen
the differenceis: -0.00003290

kkhkkhkkkkkkkkkhkhkk

ITERATION 6

kkhkkhkkkkkkkkkkk*k
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€ 0.8099805 0.1425698 Y

The charge bond order matrix: € 01425698  0.02509460 1

7z

€-1632412 -1.093402 Y

The Fock matrix: & )
eFock marix: € 1 093402 -0.8869413
11 € -1.399517 -0.5482056 !
S2Fs? & G
& -0.5482056 -0.4856730 U

The eigenvalues of this matrix (Fock orbital energies) are:
[ -1.656253 -0.2289375 ]

1
Their corresponding eigenvectors (C'= S "2 * C) are:

-0.9056085 -0.4241144 H

¢
€ .0.4241144 0.9056086 U

1
The "new" MO-AO coefficients (C=S 2 * C):

-0.8999786 -0.8323296 H

u

é
€
§-0.1584283 1.215580 U

118



The one-electron MO integrals:

-2.615843 -0.1953846 Y

u

e
¢
§-0.1953846 -1.315353 U

The two-electron MO integrals:

1111 0.9595859
2111 0.1953878
2121 0.6062925
2211 01261690
2221 0.004625196

2222 0.6159083

The closed shell Fock energy from formula:

0 o Ik
a 2<k|hk> + 2<kl|kI> - <kl|lk> + aQ R—rmn = -2.84352827

ki nen

from formula:

119



[o] o Zn’Zn
a e +<klhk>+ a Rm - -2.84352398
Kk men

the differenceis: -0.00000429

kkkhkkkkhkkkikkkikk

ITERATION 7

kkkkkkhkkkhkkkk*%x

€0.8099616 0.1425821 Y

The charge bond order matrix: §0.1425821 0.02509952 U

7

€-1.632416 -1.093407 Y

The Fock iX: A p
erockmalrix: € 1003407 -0.8869464 |
11 € -1.399519 -0.5482093 Y
S2FSs? a o
& -0.5482092 -0.4856761 U

The eigenvalues of this matrix (Fock orbital energies) are:

[ -1.656257 -0.2289374]

1
Their corresponding eigenvectors (C'= S "2 * C) are:
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-0.9056076 -0.4241164 H

¢
& -0.4241164 0.9056077 U

1
The "new" MO-AO coefficients (C=S 2 * C):

-0.8999770 -0.8323317 H

u

é
€
§-0.1584310 1.215580 U

The one-electron MO integrals:

-2.615843 -0.1953876 Y

u

e
¢
§-0.1953876 -1.315354 U

The two-electron MO integrals:

1111 0.9595849
2111 0.1953881
2121 0.6062936
2211 01261697
2221 0.004625696

2222 0.6159083
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The closed shell Fock energy from formula:

o o) Zmzn
A 2<kjhlk>+2<kIkl>- <kl[lk>+ @ R — =  -2.84352022

Kl

from formula:

a e+ <klnk>
k

the differenceis:

kkhkkkkkkkkkkkk*k

ITERATION 8

kkhkkkkkkkkkkkk*k

o Zmzn
+ a er
nmen

The charge bond order matrix:

e
e
The Fock matrix: g

-1.632416
-1.093408

nen

= -2.84352827

-0.00000095

€0.8099585 0.1425842 Y
§0.1425842 0.02510037 U

-1.093408 Y
-0.8869470 Ui
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-1.399518  -0.5482103 Y
-0.5482102 -0.4856761 U

NIl
.
Nl

e
¢
é
&

The eigenvalues of this matrix (Fock orbital energies) are:

[ -1.656258 -0.2289368]

1
Their corresponding eigenvectors (C'= S "2 * C) are:

-0.9056074 -0.4241168 H

e
e
é u
€ -0.4241168 0.9056075 U

1
The "new" MO-AO coefficients (C=S ? * C):

-0.8999765 -0.8323320 H

u

e
€
§-0.1584315 1.215579 4

The one-electron MO integrals:

-2.615842 -0.1953882 Y

u

e
¢
§-0.1953882 -1.315354 U
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The two-electron MO integrals:

1111 0.9595841
2111 01953881
2121 06062934
2211 01261700
2221 0.004625901

2222 0.6159081

The closed shell Fock energy from formula:

2 0 Zmzn
a 2<klhk>+2<kiki>-<kllk>+ & R — = -2.84352827
Kl nmen

from formula:

[o] o ZrnZn
a e+<khk>+a R~ = -2.84352827
k nen

the differenceis: 0.00000000

f. In looking at the energy convergence we see the following:
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SCF(iter) - SCF(conv)

Iter

Formula 1l

-2.84219933

-2.84349298

-2.84353018

-2.84352922

-2.84352779

-2.84352827

-2.84352922

-2.84352827

Formula 2

-2.80060530

-2.83573675

-2.84225941

-2.84332418

-2.84349489

-2.84352398

-2.84352827

-2.84352827

If you look at the energy differences (SCF at iteration n - SCF converged) and plot this

data versus iteration number, and do a 5th order polynomial fit, we see the following:

y = 0.144 - 0.153x + 0.063x"2 - 0.013x”3 + 0.001x*4 R = 1.00

0.05

0.04 +

0.03 -

0.02 +

0.01 o

0.00

4

Iteration

10
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In looking at the polynomial fit we see that the convergence is primarily linear since the
coefficient of the linear term is much larger than those of the cubic and higher terms.

g. The converged SCF total energy calculated using the result of problem 40 isan
upper bound to the ground state energy, but, during the iterative procedureit isnot. Only
at convergence does the expectation value of the Hamiltonian for the Hartree Fock
determinant become equal to that given by the equation in problem 40.

h. Yes, the 1s2 configuration does dissociate properly because at at R® ¥ the
lowest energy state is He + H*, which also has a 1s2 orbital occupancy (i.e., 1s? on He

and 1s0 on H¥).

42.

2. At convergence the MO coefficients are:

€ -0.8999765 U € -0.8323320 Y
11=€ 01584315 1 f2=¢ 1215570
and the integralsin thisMO basis are:
hi1 = -2.615842 hpp =-0.1953882  hyy = -1.315354

01111 = 0.9595841  g2111 =0.1953881 Qo121 = 0.6062934

O2211 = 0.1261700  gopp1 = 004625901  gooo2 = 0.6159081

g<132|H|152> <1s?H|2s2> H g
e g=é
€ <2s2H|1s2> <2s2H[2s2>U €

2h11 + 91111 01122

N

o
aH= a
u

01122 2hoo + 92222
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2 2¢-2.615842 + 0.9595841 0.1261700

e U
€ d
-8 0.1261700 *.1.315354 + 0.6159081 =

€-4.272100 0.126170 Y
~€ 0126170 -2.014800 1

b. The eigenvalues are E; = -4.279131 and E, = -2.007770. The corresponding

eigenvectors are:
€ -.99845123 U § 0.05563438 |
C1=& 005563430 1 C2= 8 0.99845140 1

o

3 0@ 06 Im® 2 0@ 2 Ol
%f1+bf22a%f1 b%f bl + 1857 | - bf o0& 1 + bf o2l O

NI
mmfm

l(ml l('j l(ml 1w

N%zfﬁbfﬁafl bf2ﬂ+%f1 b’f ,@5F 1 + bf o8 (ab - ba)

1
:E(af 1f1- bf2f2) (ab - ba)

= a1f 1af 1b| - blf saf 2b| .

1
d. The third configuration |1s2s| = E[ |1a2b| - |1b2a|] ,

Adding this configuration to the previous 2x2 CI results in the following 3x3 'full’ CI:

€ <1s2H|1s2> <1s2H|2s2> <1s2H|1s2s>
e

H=@ <2s?H|1s2> <2s?H|2s2> <2s?JH|1s2s>

O\

€ <1s2s|H|1s2> <2s2H[1s2s> <1s2s|H[1s25>

127



Ve 1 N\
? 2h11 + 91111 01122 $[ 2hyp + 292111] l;l
e u
A 1 ,

e 01122 2hoo + 92222 $[ 2hyp + 292221] U
& 1 3
$[ 2hyp + 292111] @[ 2hyp + 292221] h11 + hgo + 92121 + Q2211

Evaluating the new matrix elements:
H1s = Hap = V2 *(-0.1953882 + 0.1953881) = 0.0
Hog = Hap =2 * (-0.1953882 + 0.004626) = -0.269778

H3z3 =-2.615842 - 1.315354 + 0.606293 + 0.126170

=-3.198733

- -

-4.272100 0.126170 0.0
0.

126170 -2.014800 -0.269778 L,<|

0.0 -0.269778 -3.198733 U

(DLD> (DXD~

e. The eigenvalues are E; =-4.279345, Ep = -3.256612 and E3 = -1.949678. The

corresponding eigenvectors are:

Ci= é 0.05732290 l,,<| C, = @-0.20969283 L,J Cs3= é -0.97608540 L,J

@ -0.99825280 Ul @ 0.02605343 U @ 0.05302767 U
e u e u e u
e
€ 0.01431085 U € _0.97742000 U € 0.21082004 U

f. We need the non-vanishing matrix elements of the dipole operator in the MO

basis. These can be obtained by calculating them by hand. They are more easily

obtained by using the TRANS program. Put the 1e AO integrals on disk by running the
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program RW_INTS. Inthiscaseyou areinserting z11 = 0.0, zo1 = 0.2854, and zp»> = 1.4
(insert 0.0 for al the 2e integrals) ... call the output file "ao_dipole.ints’ for example.
The converged MO-AOQ coefficients should be in afile ("mocoefs.dat” isfine). The
transformed integrals can be written to afile (name of your choice) for example
"mo_dipole.ints’. These matrix elements are:

Z11 = 0.11652690, zp1 = -0.54420990, 722 = 1.49117320
The excitation energies are Eo - E; =-3.256612 - -4.279345 = 1.022733, and
Ez- E1 =-1.949678.- -4.279345 = 2.329667.

Using the Slater-Conden rules to obtain the matrix elements between configurations we

obtain:

€ <1s27j1s2>  <1s?z2s2> <1s2zjis2s> U
e u
Hy=@ <25 2z|1s2>  <2s2z|2s2>  <2s?|7|]1s2s> 0
€ <1s2s|7|1s2> <2527|1s25> <1s2s|zj1s2s> U
/7 1 N\
e 2711 0 12212 u
A NC e A
& A
= e 0 2797 E[ 2212] u
L l 1 N\
eE[ 2212] E[ 2212] 211+ Z22 U

0.233054 0 -0.769629 B
0 2.982346 -0.769629 L,J
-0.769629 -0.769629 1.607700 U

(DAD> (DXD~

Now, <Y 1)z]Y 2> = C1TH,C», (this can be accomplished with the program UTMATU)
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& -0.99825280 uT @ 0233054 0 0769629 []§-002605343 (]

_ € 005732200 E\J € o 2.982346 -0.769629 Ue -0.20969283 l,j
€ oo1aa108s Y € 0760620 0760629 1.607700 te 0.97742000 U
=-.757494

and, <Y 1|z]Y 3> = C1TH,C3

e-o 99825280 |1 @ 0.233054 0 -0.769629 ue -0.05302767 CI
= e 005732200 U € o 2.982346 -0.769629 ue -0.97608540 U

€ oousioes U € 0760620 0769620 1607700 ae 0.21082004 a
=0.014322

g. Using the converged coefficients the orbital energies obtained from solving the
Fock equations are e; = -1.656258 and e2 = -0.228938. The resulting expression for the

PT first-order wavefunction becomes:

2211
[1s2>0 = 2(9 |25 2>

0.126170

|152>® = - 55278038 + 1.656258) 1252

|152>® = -0.0441982|25 2>

h. Asyou can see from part c., the matrix element <1s2|H|1s2s> =0 (thisisalso

aresult of the Brillouin theorem) and hence this configuration does not enter into the

first-order wavefunction.

i [0>=|152> - 0.0441982[252>. To normalize we divide by:

\/ [1+(0.0441982)2 = 1.0009762
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0> = 0.999025|1s2> - 0.044155|2s 2>

In the 2x2 Cl we obtained:

0~ = 0.99845123|1s 2> - 0.05563439|2s 2>

j. The expression for the 2nd order RSPT is:

@ J%2ul 0.1261702
B\ =-3(e;- 1) =~ 2(-0.228938 + 1.656258)

=-0.005576 au
Comparing the 2x2 Cl energy obtained to the SCF result we have:

-4.279131 - (-4.272102) = -0.007029 au

43.  STOtota energy: -2.8435283

STO3G total energy -2.8340561

3-21G total energy  -2.8864405
The STO3G orbitals were generated as a best fit of 3 primitive Gaussians (giving 1
CGTO) to the STO. So, STO3G can at best reproduce the STO result. The 3-21G
orbitals are more flexible since there are 2 CGTOs per atom. This gives4 orbitals

(more parameters to optimize) and a lower total energy.

44,

R HeH* Energy H2 Energy
1.0 -2.812787056 -1.071953297
1.2 -2.870357513 -1.113775015
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14 |-2.886440516 -1.122933507
16 |-2.886063576 -1.115567684
1.8 |-2.880080938 -1.099872589
2.0 |-2.872805595 -1.080269098
25 |-2.856760263 -1.026927710
10.0 |-2.835679293 -0.7361705303

Plotting total energy vs. geometry for HeH™:

Total Energy (au)

-2.80
-2.82 A T
-2.84 +

-2.86

-2.88 A

-2.90

Plotting total energy vs. geometry for Ho:

12
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-1.0

Total Energy (au)

-1.1

-1.2

2 4

8 10

Internuclear Distance (au)

For HeH* at R = 10.0 au, the eigenvalues of the converged Fock matrix and the

corresponding converged MO-AO coefficients are:

-.1003571E+01 -.4961988E+00 .5864846E+00 .1981702E+01
4579189E+00 -.8245406E-05 .1532163E-04 .1157140E+01
.6572777E+00 -.4580946E-05 -.6822942E-05 -.1056716E+01

-.1415438E-05

1112778E-04

Notice that this indicates that orbital 1 isacombination of the s functions on He only

.3734069E+00

.1173244E+00

(dissociating properly to He + HY).

.1255539E+01

-.1096019E+01

-.1669342E-04

.2031348E-04
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For Hy at R = 10.0 au, the eigenvalues of the converged Fock matrix and the

corresponding converged MO-AO coefficients are:

-.2458041E+00 -.1456223E+00 1137235E+01 1137825E+01
.1977649E+00 -.1978204E+00 .1006458E+01 -.7903225E+00
.5632566E+00 -.5628273E+00 -.8179120E+00 .6424941E+00
.1976312E+00 .1979216E+00 .7902887E+00 .1006491E+01
.5629326E+00 .5631776E+00 -.6421731E+00 -.8181460E+00

Notice that this indicates that orbital 1 is acombination of the s functions on both H
atoms (dissociating improperly; equal probabilities of H» dissociating to two neutral

atoms or to a proton plus hydride ion).

45, The Ha ClI result:

R Isg* 35,* 15+ 154"
1.0 [-1.074970 -0.5323429 -0.3997412 0.3841676
1.2 [-1.118442 -0.6450778 -0.4898805 0.1763018
14 |-1.129904 -0.7221781 -0.5440346 0.0151913
16 |-1.125582 -0.7787328 -0.5784428 -0.1140074
1.8 [-1.113702 -0.8221166 -0.6013855 -0.2190144
2.0 |-1.098676 -0.8562555 -0.6172761 -0.3044956
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2.5 |-1.060052 -0.9141968 -0.6384557 -0.4530645
5.0 |-0.9835886 -0.9790545 -0.5879662 -0.5802447
7.5 |-0.9806238 -0.9805795 -0.5247415 -0.5246646
10.0 |-0.980598 -0.9805982 -0.4914058 -0.4913532
0.0
-0.2 -
-0.4 4
E State 1
> -0.6 A ® State 2
g B State 3
= © State 4
= -0.8 -
5
-1.0 - " T
-1.2 T T T T
0 2 4 6 8 10

Internuclear Distance (au)

For H a R = 1.4 au, the eigenvalues of the Hamiltonian matrix and the corresponding

determinant amplitudes are:

determinant -1.129904 -0.722178 -0.544035 0.015191
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[1s galsgb| 0.99695 0.00000 0.00000 0.07802

[1s gblsal 0.00000 0.70711 0.70711 0.00000
[1s galsyb| 0.00000 0.70711 -0.70711 0.00000
|1s yalsyb] -0.07802 0.00000 0.00000 0.99695

This shows, as expected, the mixing of the first 1Syt (1s42) and the 2nd 1S4+ (1s2)

determinantsin the first and fourth states, and the

1
38t = (s gblsual + [1sgalsubly ),

1
and 1S,*= (@(|1sgblsua|- |1sgalsybly )

states as the second and third states.

Also notice that the first 1Sg* state has coefficients (0.99695 - 0.07802) (note specifically
the + - combination) and the second 1Sy¢* state has the opposite coefficients with the

same signs (note specifically the + + combination). The + + combination always gives a

higher energy than the + - combination.

46.
F atoms have 1s22s22p° 2P ground electronic states that are split by spin-orbit coupling

into 2P3/2 and 2P1/2 states that differ by only 0.05 eV in energy.
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a
The degeneracy of a state having agiven Jis 231, and the J=3/2 state is lower in energy
because the 2p orbital shell is more than half filled (I learned thisin inorganic chemistry

class), so

Oy = 4 exp(-0/kT) + 2 exp(-0.05 eV/KT).

0.05 eV isequivaent to k(500 K), so 0.05/KT = 500/T, hence

Oy = 4 exp(-0/kT) + 2 exp(-500/T).

b.

Q=q"N!

so, InQ =N Ing—InN!

E =kT? InQ/TT = NKT? fing/TT = Nk{ 1000 exp(-500/T)/[4 + 2 exp(-500/T)]}
c. Using the fact that kT=0.03eV at T=300°K, make a (qualitative) graph of E /N vs T for

T ranging from 100°K to 3000°K.
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1000k/6

T =3000 K

E/N

T=100K T

At T =100 K, E/N issmall and equal to 1000k exp(-5)/(4 + 2 exp(-5)).
At T =3000 K, E/N has grown to 1000k exp(-1/6)/(4 + 2 exp(-1/6)) which is

approximately 1000k/6.

47.

The difference between alinear and bent transition state would arise in the vibrational

and rotational partition functions. For the linear TS, one has 3N-6 vibrations (recall that
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one loses one vibration as a reaction coordinate), but for the bent TS, one has 3N-7
vibrations. For the linear TS, one has 2 rotational axes, and for the bent TS, one has 3.
So the ratio of rate constants will reduce to ratios of vibration and rotation partition

functions. In particular, one will have

3N-6 3N-7

kIinear/ kbent = (qvib qrot2/ qvib qrotg) = (qvib/qrot)'
b. Using

qt ~ 108, gr ~ 102, qy ~ 1,

| would expect K|inear/Kbent to be of the order of 1/10%* = 102
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48.

Constructing the Slater determinant corresponding to the "state" 1s(a)l1s(a) with the rows

labeling the orbitals and the columns labeling the electron gives:

11 15a() 1sa(2) {

Hsalal=2l 1@ 1sa) |

= \/—lé (1§a(1)1sa(2) - 1sa(1)1sa(2))

=0
49.

Starting with the Ms=1 3S state (which in a"box" for this M| =0, Ms=1 case would

contain only one product function; |1sa2sa|) and applying S. gives:

S.35(S=1,Mg=1) =11+ 1) - 1(1- 1) h 3(S=1,Mg=0)

=m/2 35(S=1,Ms=0)

= (S(1) +S(2)) [1sazsal

=S(1)[1sa2sa| + S(2)|1sa2sa|
1 0 1 0

=h \/ig + 15- Q% - 15 |1sh2sa|
1. 0 1 )

+ 0 Vzg + 15- zg - 1 |1sa2sb|
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=h (|1sb2§a| + |1§32$b|)

So, M2 35(S=1,Mg=0) =V (|Lsb2sa| + |Lsa2sbl)

1
35(S=1,Mgs=0) = E (|1sb25a| + |1sa25b|)
Thethree triplet states are then:
35(S=1,Mgs=1)= |1sa2sa|,
1
35(S=1,Mg=0) = N |1sb2sa| + [1sa2sbl) , and
35(S=1,Mg=-1) = |1sb2sb].

The singlet state which must be constructed orthogonal to the three singlet states (and in

particular to the 35(S=1,M s=0) state) can be seen to be:
15(S=0,Ms=0) = X |1sb2sa| - |1sa2sbly .
NAL )
Applying S2 and S; to each of these states gives:
S7|1sa2sa| = (Sz(l) + SZ(Z)) |1sa2sa|
= Sy(1)[1sa2sa| + S;(2))|1sa2sa|
=h gg |1sa2sa| + R gg |1sa2sa|
=h |1sa2sa|
S |1sa2sa| =(SS:+S2+hS;) [1sa2sa|
= S Si|1sa2sa| + S2|1sa2sa| + I Sy|1sa2sa|

=0+ N2|lsa2sa| + h 2|1sa2sa)|

= 212 |1sa2sa|
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1 1
Sz\/——2(|1$b2§a| + |1sa2$b|) = (Sz(l) + SZ(Z)) E (|1sb2%1| + |1sa23b|)

1 1
SZE (l1sb2sa| + |1sa2sbly = (S.S: + S2+h SZ)E (|1sb2sa| + |1sa2sbly

1
= 5 (S0 + (2)) [sb2sal
+ 5 (S + S42)) 15225

210 (00)
&g+ I %-a—@, |1sb2sa|

1
= OHE (|1sb23a| + |1sa25b|)

1
=SS, E ( |1sb2sa| + |1sa2$b|)

) le( S.(SH(1) + SH()|1sh2sa| + S(Sk(2) + Se(2)l1sa2sbl)

1
= E(S N|lsa2sa|+ S h |1%12sa|)

1
=21 5((S.(1) + S(2)[1sa2sal)

1

=2h E( h|lsb2sa| + N|1sa2sbl)

1
=2h?2 E( |1sb2sa| + |1§;12$b|)

S, |1sb2s)|

= (S1) + $(2)) [1sb2sh)

= S(1)|1sb2sb| + S(2))|1sb2sb|
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=f %ﬁ lLsb2sb| + i ?ge%,% |1sb2sb]|
= -1 |1sh2sb|
2 1sb2sh| = (S:S + S2- N Sy) |1sh2sh|
= S,S|1sh2sb| + S,2[1sb2sb| - I S,|1sh2sb|
= 0+ I 2 |1sh2sh| + I 2[1sb2sh|

= 21 2 |1sh2sh|

S, 5 (11sh2sal - [sa2ebl) = (S(1) + (2 5 (lishasal - Lsa2sbi

= 5 (S + 42 lishosa

5 (S0 + S,(2) 1sa2st)
= \/_15 g %2@““ f gm |1sb2sa|

S8 nEom nsze

= O \/—15 (1sh2sa) - [1sa2sbl)

82\/—1é (M1sb2sa| - [1sa2sbly =(S.Ss + S2+h sz)\/i_2 (11sb2sa| - [1sa2shl)
=SS, \/—15 (11sh2sa - [1sa2sbl)

- \/—15( S(S+(1) + S+(2))[1sb2sa| - S(S+(1) + S+(2))|1sa2sbly

1
= E(S h|lsa2sa|- S.h |1§a25a|)
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1
=0 75((S.(1) + S(2)[1sa2sal)

1
=0 7 hf1sh2sal - h{1sa2sbl)

1
=0h?2 N |1sb2sa| - [1sa2sbly

50.

As shown in problem 22c, for two equivalent p electrons one obtains six states:
1D (M_=2); one state (Ms=0),
1D (M=-2); one state (Ms=0),
1S (M_=0); one state (Ms=0), and

3S (M =0); three states (Ms=1,0, and -1).

By inspecting the "box" in problem 22c, it should be fairly straightforward to write down

the wavefunctions for each of these:
1D (M=2); |p1ap1b|

1D (M=-2); |p-1ap-1b|

1
'S (ML=0); 55 IP1bp-1al - Ipsap-1bl)

3S (M=0, Ms=1); |p1ap-1a|

1
3S (M=0, Ms=0); —=([p1bp-1a| + [p1ap-1b|
N )
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3S (ML=0, Mg=-1); |p1bp-1b]|

51

We can conveniently couple another s electron to the states generated from the 1s12st

configuration:
. 1.
35(L=0, S=1) with 3sl(L=0, S=3 ) giving:

3
L=0, S=5

1.y 2

.5 “S (4 states) and <S (2 States).
. i

1S(L=0, S=0) with 3sl(L=0, S=5 ) giving:

1
L=0, S=5 ; 2S(2 states).

Constructing a"box" for this case would yield:

145



ML 0
Ms
3 |1sa2sa3sa|
2
1 |1sa2sa3sh|, |1sa2sb3sa|, |[1sh2sa3sa|
2

One can immediately identify the wavefunctions for two of the quartets (they are single

entries):

3 3

45(S=5 M55 ): |1sa2sa3sa|
3 3

45(S=5 Mg=-5 ): [1sh2sb3sh|

3 3
Applying S. to 4S5(S=5 ,Mg=3 ) yields:

deyad 3 33 33 .\ 4qed 1
SA8(S5 Ms=35)=h \|2(3+1)-3(3-1) (S5 ,Ms=5)

3 1
= N3 45(S=3 Ms3)

S|1sa2sa3sa|=h (|1sb25a3sa| + |1sa2sh3sa| + |1§a2§135b|)

3 1 1
So, 45(S5=5 Ms=3) = 13 ( |[1sb2sa3sa| + [1sa2sb3sa| + |1sa2sa3sh))

3 3
Applying S+ t0 4S5(S=5 ,Mg=-3 ) yields:

3 3 33 33 3. 1
S+I5(S=3 Ms=3) =h \/z(z +1)-2(2+1) 48(S3 Ms=3)

3 1
=N\3 45(S3 Ms=3)

146



Si1sh2sb3sh| = 1 (|1sa2sb3sb] + [1sb2sa3sh + [1sb2sb3saly

3 1. 1
So, 45(S5=5 Ms=3) = Ne (11s22sh3sb)| + [1sh2sa3sh| + |Lsb2sh3sal)

It only remains to construct the doublet states which are orthogonal to these quartet
states. Recall that the orthogonal combinations for systems having three equal
components (for example when symmetry adapting the 3 sp2 hybridsin Cy, or D3
symmetry) giveresultsof + + +, +2 - - and 0 + -. Notice that the quartets are the + + +
combinations and therefore the doublets can be recognized as:

1 1 1
25(S=5 Ms=5 ) = Je |[1sb2sa3sa| + |1sa2sh3sa| - 2|1sa2sa3shiy

11 1

25(8=5 Ms=3) = J; (l1sh2sa3sa| - [1sa2sh3sal + Ol1sa2sa3sbl)
111

2S(S= Ms=3) = J ([Lsa2sh3sh] + [1sh2sa3sh| - 211sh2sb3sal

1 1 1

52.

Asillustrated in problem 24, a p2 configuration (two equivalent p electrons) givesriseto
the term symbols: 3P, 1D, and 1S. Coupling an additional electron (3d?) to this p2

configuration will give the desired 1s?2s22p23d? term symbols:

1
3P(L=1,S=1) with 2D(L=2,S=3 ) generates;

31
L=3,2,1, and S=5,5 with term symbols 4F, 2F,4D, 2D,*P, and 2P,
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1
1D(L=2,5=0) with 2D(L=2,S=7 ) generates;
1
L=4,3,2,1,0, and S=5 with term symbols 2G, 2F, 2D, 2P, and 2S,
_ 1
15(L=0,5=0) with 2D(L=2,S=5 ) generates;

1
L=2and S=5 with term symbol 2D.

53. The notation used for the Slater Condon rules will be asfollows;

(a.) zero (spin orbital) difference;

<F+Gl> =a <filffi> +a &fifjlolf ifi> - <f if jlolf if i>g
i >

=afi +a (9ijij - ijjy
i I>]

(b.) one (spin orbital) difference (fp* f);

<IF+GI> = <fplfff p> + & & pf jlalf pf j> - <F pf jlolf jf >3
Ipp

o]
=Top+ @ (Gpipj - piip)
jLpp

(c.) two (spin orbital) differences (fp* fpandfq? fq);
<|IF+G[> =<fpf glolf pf > - <F pf glolf of p>
= Gpap'g’ - Gpagp'
(d.) three or more (spin orbital) differences;

<[F+G[> =0
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i. 3P(ML=1,Ms=1) = |p1apoa|

<Ip1apoalH|piapoal> = <[ 10| H | 10]>

Using the Slater Condon rule (a.) above (I will denote these SCa-SCd):

<[10H|20]> =f11 + foo + 91010 - 91001

. 1
ii. SML=0Ms=0) = 7 Ip1ap-1b] + [p1bp-1al)

<3P(M|.=0,M s=0)|H[3P(M =0,M s=0)>
1
= 5(<Ip1ap.1b|Hlp1ap.1b]> + <lp1ap.1b|H{pibp.1al>

+ <JpibpsalHip1ap.1bl> + <lpibpialHipibpal> )
Evaluating each matrix element gives:
<|p1ap-1b|H|p1ap-1bl> =fiaia + f-1p-1b + 91a-1bia-1b - Y1a-1b-1b1a (SCA)
=fi1+f11+01-1111-0
<|p1ap-1b|H|pibp-1a|> = g1a-1b1b-1a - Y1a-1b-1a1b (SCC)
=0-01-1-11
<|pibp-1a[H[p1ap-1b> = gib-1a1a-1b - Y1b-1a-1b1a (SCC)
=0-01-1-11

<Ipibp-1alHlpibp.1al> =f1ibib + f-1a-1a + Y1b-1a1b-1a - Y1b-1a-1a1b (SCA)
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=fi1+f11+01-121-0
Substitution of these expressions give:

<3P(M | =0,Ms=0)|H[3P(M =0,M s=0)>

1
=5 (fia +f.1-1+01-12-1 - 91-1-11 - 91-1-11
+f11+ 100+ 01-11-1)

=fipr+f11+0111-1-91-111

iii. 1S(M.=0,Ms=0); \/_é(lpoapobl - [p1ap-1b| - [p-12p1bl)
<S(M=0,Ms=0)HLS(M =0,Ms=0)>
= 3(<IpoanoblHIoanobls> - <IpoapoblHipsap.1bl>
- <|poapob[H[p-1ap1b[> - <lp1ap-1b[H|poapob|>
+ <|p1ap-1b|Hlp1ap-1b[> + <|piap.1b|H|p-1ap1b[>
- <|p-1ap1b|H|poapob|> + <|p-12p1b|H[p1ap-1b[>
+ <lp-1ap1bHip-1ap1b|> )

Evaluating each matrix element gives:

<|poapob|H|poapob|> = foaoa + fobob + Joaoboaob - 90aoboboa (SCa)

=foo + foo + 9oooo - O

<Ipoapob|H|p1ap-1b|> = <|p1ap-1b|H|poapob|>

= goalObla-1b - 90a0b-1bla (SCC)
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=goo1-1-0

<Ipoapob|H|p-1ap1b|> = <|p-1ap1b|H|poapob|>

= 00a0b- 1alb - 90a0blb- 1a (SCc)
=0oo-11-0

<Ip1ap-1b|H|p1ap-1b|> =f1a1a + f-10-1b + Y1a-1b1a-1b - Y1a-1b-1b1a (SCa)

=fu1+f11+01-12.1-0

<Ip1ap-1bH|p-1apib|> = <|p-1ap1b|H|p1ap-1b|>

= 01a-1b-1a1b - 91a-1b1b-1a (SCC)
=01-1-11-0

<Ip-1apib|H|p-1ap1b|> =f.1a-1a *+ f1b1b *+ -1a1b- 1a1b - O-1a1b1b- 1a (SCA)

=f11+f11+01111-0
Substitution of these expressions give:

<1S(M=0,Ms=0)|HIS(M =0,M s=0)>
1
= §(foo + fo0 *+ 90000 - 9001-1 - 900-11 - Joo1-1 + f11 + f.1-1
+01-11-1 + 01-1-11 - 900-11 + 91-1-11 +f11 + o + 9—11-11)

1
= §(2foo +2f11 + 2f.1.1 + goooo - 49oo1-1 + 201-11-1 + 291-1-11)

. 1
Iv. DML=0Ms=0) = 7= 2lpoapob] + [P1ap-1b] + [p-1ap1bly
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Evaluating <1D(M_=0,M s=0)|H|*D(M|_=0,Ms=0)> we note that all the Slater Condon

matrix elements generated are the same as those evaluated in part iii. (the signs for the
wavefunction components and the multiplicative factor of two for one of the components,
however, are different).

<ID(M=0,Ms=0)[H'D(M =0,Ms=0)>

1
= 6(4f00 + 4foo + 490000 + 20001-1 + 2900-11 + 20001-1 + f11

+f.1.1+01-12-1 + 91-1-11 + 2000-11 + 91-1-11 + f-1-1 + 12

+ 9-11-11)

1
= E(Sfoo + 211 + 2f.1-1 + 4goooo + 89o01-1 + 291-11-1 + 291-1-11)

i. ID(M=2,Ms=0) = [p1ap1b|

<ID(ML=2,Ms=0)|HD(M=2,Ms=0)>
= <Jp1apib|H[piapib[>

=f1a1a + f1bib *+ O1a1blaib - O1albibia (SCa)
=f11+f11+01121-0

=2f11 + 91111

152



. 1
ii. 1S(ML=0Ms=0) = 5 IP1ap-1b| - [pbp-1al)

<3S(M . =0,Ms=0)|H[]3S(M.=0,M s=0)>
1
= §(<Ip1ap-1bIHIp1ap-1bI> - <[p1ap-1bH|p1bp-1a[>

- <lp1bp-1a|Hlp1ap-1b|> + <lpibp-1a|H|pibp-1a[> )
Evaluating each matrix element gives:
<Ipi1ap-1b|H|p1ap-1b|> =f1a1a + f-1b-1b + 91a-1b1a-1b - 91a-1b-1b1a (SCa)

=fu1+f11+01-12.1-0

<Ipi1ap-1b|H|p1bp-1a|> = g1a-1bib-1a - 91a-1b-1a1b (SCC)

=0-011-11

<Ipibp-1alH|p1ap-1bl> = gib-1a1a-1b - 91b-1a-1b1a (SCC)

=0-01-1-11

<Ipibp-1alH|pibp-1al> =f1ipib + f-1a-1a + J1b-1a1b-1a - Y1b-1a-1a1b (SC8)

=fi1+f11+091-12-1-0
Substitution of these expressions give:

<3S(M | =0,Ms=0)[H[3S(M | =0,Ms=0)>

1
=5 (f11 +f.1-1 + 91-11-1+ 91-1-11+ Q1-1-11 + faa + fL10 + 91-12-1)

=fpp+f11+01-111t 91111

1
lii. 3S(ML=0Ms=0) = 5 Ip1ap-1b| + Ip1bp-sal)
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<3S(M=0,Ms=0)|H]FS(M_=0,M5=0)>

=f1y+f11+01-11.1-0

<|p1ap-1b[HIpibp-1a[> = g1a-1b1b-1a - 91a-1b-1a1b (SCC)

=0-901-1-11

<Ipibp-1alH|p1ap-1bl> = gib-1a1a-1b - 91b-1a-1b1a (SCC)

=0-011-11

<|pibp-1alH|pibp-1al> =f1ibib + f-1a-1a + Y1b-1a1b-1a - 91b-1a-1a1b (SCa)

=fi1+f11+01-121-0
Substitution of these expressions give:

<3S(M=0,Ms=0)|H[]FS(M =0,M s=0)>

1
=5 (f1a +f.1-1 + 91-12-1- 91-1-12- 91-2-11 + F11 + fo1-1 + 91-12-1)

=fi1+f11+0111-1- 01111

55.

The order of theanswersisJ, |, G.K,B,D,E,A,C,H, F

56.
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p = N/(V-Nb) — N? a/(KTV?)

but p/kT = (TINQ/TV)+

SO we can integrate to obtain In Q

InQ = d(p/kT) dV =[N/ (V- Nb) — N al(kTV?)] dV

= N In(V-Nb) + NZa/kT (V)

Q ={(V-Nb)exp[(a/kT) (N/V)]}"

57.
a
MD because you need to keep track of how far the molecule moves as a function of time

and M C does not deal with time.

MC is capable of doing this although MD is also. However, MC requires fewer

computational steps, so | would prefer to use it.
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MC can do this, as could MD. Again, because MC needs fewer computational steps, I'd

useit.

Suppose you are carrying out a Monte-Carlo simulation involving 1000 Ar atoms.
Further suppose that the potentials are pairwise additive and that your computer requires
approximately 50 floating point operations (FPO's) (e.g. multiply, add, divide, etc.) to

compute the interaction potential between any pair of atoms

d.

For each MC move, we must compute only the change in potential energy. To do this, we
need to compute only the change in the pair energies that involve the atom that was
moved. Thiswill require 999x50 FPOs (the 99 being the number of atoms other than the
one that moved). So, for amillion MC steps, | would need 10° x 999 x 50 FPOs. At 100

x10° FPOs per second, this will require 495 seconds, or alittle over eight minutes.

156



Because the statistical fluctuations in MC calculations are proportional to (1/N)2, where
N isthe number of stepstaken, | will have to take 4 times as many steps to cut the

statistical errorsin half. So, thiswill require 4 x 495 seconds or 1980 seconds.

If we have one million rather than one thousand atoms, the 495 second calculation of part

d would require

999,999/999

times as much time. Thisratio arises because the time to compute the change in potential
energy accompanying aMC move is proportional to the number of other atoms. So, the
calculation would take 495 x (999,999/999) seconds or about 500,000 seconds or about

140 hours.

We would be taking 10°s/(10™ s per step) = 10° MD steps.
Each step requires that we compute all forces(-fV1R, ;) between all pairs of atoms. There
are 1000x999/2 such pairs. So, to compute all the forces would require

(1000x999/2)x 50 FPOs = 2.5 x10" FPOs. So, we will need
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2.5 x10” FPOs/step x 10° steps/(100 FPOs per second)

= 2.5 x10° seconds or about 70 hours.

The graduate student is 10° times slower than the 100 Mflop computer, so it will take

her/him 10 times as long, so 495 x10° seconds or about 1570 years.

58.

First, Na has aS ground state term symbol whose degeneracy is2S+ 1= 2.
Na, has a'S ground state whose degeneracy is 1.
The symmetry number for Na, iss = 2.

The D, value given is 17.3 kcal mol™.

The K, equilibrium constant would be given in terms of partial pressures as (and then

using pV=NKkT)

K, = PraPrae = (KT)™ (O V) (Oe! V)

in terms of the partition functions.
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Ona = (2PMKT/H?)¥2V g

Onaz= (2pM’KT/h)¥2V (8pAKT/N?) 1/2 [ exp-hn/2kT) (1- exp-hn/kT))™* exp(D/KT)

We can combine the D, and the —hn/2KT to obtain the D, which is what we were given.

b. For Na (I will use cgs unitsin all cases):

gV = (2p 23 1.66x10%1.38 10 1000)¥22

= (6.54 x107°) x 2 = 1.31 x107

For Na,:

/N = 2%2 x (6.54 x10%) (1000/0.221) (1/2) (1-exp(-229/1000))* exp(D/KT)

= 1.85 X107 (2.26 x10%) (4.88) (5.96 x10°)

=1.22 x10*®

K, = [1.22 x10%]/[(1.38 x10)(1000) (1.72 x10%)

=0.50 x10° dynes cm? = 0.50 atm™.
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59.

The differencesin k., will arise from differences in the number of tranglational,
rotational, and vibrational partition functions arising in the adsorbed and gas-phase

species. Recall that

Ko = (KT/h) exp(-E*/KT) [q"V]/[(0ho/V) (G V)]

In the gas phase,

NO has 3 tranglations, two rotations, and one vibration
Cl, has 3 trand ations, two rotations, and one vibration
the NOCI, TS, which is bent, has 3 trandations, three rotations, and five vibrations (recall

that one vibration is missing and is the reaction coordinate)

In the adsorbed state,

NO has 2 trand ations, one rotation, and three vibrations

Cl, has 2 trand ations, one rotation, and three vibrations

the NOCI, TS, which is bent, has 2 translations, one rotation, and eight vibrations (again,

one vibration is missing and is the reaction coordinate).
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So, in computing the partition function ratio:

[a™VT[(ano/V) (e V)]

for the adsorbed and gas-phase cases, one does not obtain the same number of

trandational, rotational, and vibrational factors. In particular, the ratio of these factors for

the adsorbed and gas-phase cases gives the ratio of rate constants as follows:

ked/kgas = (qtranslv)/qvib

which should be of the order of 10° (using the ratio of partition functions as given).
Notice that this result suggests that reaction rates can be altered by constraining the
reacting species to move freely in lower dimensions even if one does not alter the

energetics (e.g., activation energy or thermochemistry).
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