9-4.

Chapter 9 - Molecular Structure and Spectra

molecule B molecule eV mole

@ 1e—V—(1 eV )

1.602 x 10‘19J] ( 6.022 x 10 molecules

- | 964727 Leal | _ 53057_¢4 _ 93 06 Keal
mole 4.184J mole mole

(b) E, = | 427V || 2306kealimole |\ _ g¢ 51 aipmote
molecule 1eVimolecule

(c) E,= | 106 kI LeVimolecule | _ 1.08 eV/molecule
mole 96.47 kJ/mole

Dissociation energy of NaCl is 4.27 €V, which is the energy released when the NaCl
moleculeisformed from neutral Na and Cl atoms. Because thisis more than enough energy
to dissociate a Cl, molecule, the reaction is exothermic. The net energy releaseis 4.27 eV
-248eV =179¢eV.

FromCsto F: 3.89¢eV - 3.40eV =0.49 eV

FromLitol:5.39eV - 3.06 eV =2.33 eV
FromRbtoBr: 4.18¢eV - 3.36 eV =0.82 eV

ke?

E,= U, =-—+E,
d | ~C| 7, ion
2 .
co:  -kel g o 140eVirm o eq0p 306e, - E, = 344eV
Yo 0.337 nm
2 .
NaF: -Kke ., p - _1480eVirm g4y 3406y, o E = 57200
4 0.193 nm

203



Chapter 9 - Molecular Structure and Spectra

(Problem 9-4 continued)

2 .
Lii: -kl p o 140eVimm 539,y 306er, - E,= 3.72eV

%o fon 0.238 nm
While E, for Csl is very close to the experimental value, the other two are both high.
Exclusion principle repulsion was ignored.

2
9-5. (a) Total potential energy: U(r) = - ke” , E,+ E, (Equation 9-1)
r

2 .
attractive part of U(r,) = - ke” | 144eVnm -5.39%eV

Yo 0.267 nm

(b) The net ionization energy is.
E, = (ionization energy of Rb) - (electron affinity of CI)

= 4.18eV-3.62eV = 0.56 eV
Neglecting the exclusion principle repulsion energy E,, ,

dissociation energy = - U(r,) = 5.39eV - 0.56eV = 4.83 eV
(c) Including exclusion principle repulsion,
dissociation energy = 4.37eV = -U(r,) = 539eV-0.56eV-E_

E_ = 539eV-4.37eV-0.56eV = 046eV

ex

2 .
06, U --K,p _ _1A40eVmm | 4ayp 33607y - —413 el

¢ r fon 0.282nm

The dissociation energy is3.94 eV.
E,= U+ E, =39%eV=-413eV+ E_

E,_ = 0.19¢V at o = 0.282 nm
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Chapter 9 - Molecular Structure and Spectra

9-7. E =

ex

A (Equation 9-2) 0.19eV- — 4
r’ (0.282 nm)"

At r, the net force on each ion is zero, so we have (from Example 9-2)

U 2
(o) _ ke~ g 11emmm= L - P x A _ (01901

2 n+ n
0 ¥ ¥ Fo 1y o

= (18.11eV/nm)(0.282nm) _
0.19eV

26.9 = 27

A= Eeer" = (0.19¢V)(0.282nm)?*" = 2.73x107 16 eV-rnm?’

9-8. E, = 3.76eVper molecule of NaBr (from Table 9-2)

1 eVimolecule = (1eVImolecule)(1.60x 107 J/eVy x

(6.02 % 102 molecules/mol /(lcal/4.186J) = 23.0 kcal/mol
E (NaBr) = (3.76 eVimoelcule)(23.0kcal/mol)/ (1eVimolecule) = 86.5 kcal/mol

9-9. For KBr: .
U, - 1.480eVenm |4 3407-336eV) = ~4.13eV
0.282nm

Ed: 3.94eV: |UC+ Eex| = |—4.136V+ Eex|

E_=019eV
1.440eV-nm
- U= ————— "+ (4.18eV-3.62¢eV) = -4.60eV
For RoCl: U, 0279 mm ( V)

Ed: 4.37eV: |Uc+ Eex| = |—4.608V+ Eex|

E_=023eV

9-10. H,S H,Te H,P, H, S
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Chapter 9 - Molecular Structure and Spectra

9-11. (@) KCI should exhibit ionic bonding.
(b) O, should exhibit covalent bonding.
(c) CH, should exhibit covalent bonding.

9-12. Dipole moment p, . = er, (Equation 9-3)

ionic
= (1.60x 1071 Cy(0.0917 rim,
= 1.47x1072°C-nm x 107° m/nm
= 147x10%C-m

if the HF molecule were a pure ionic bond. The measured valueis 6.4x1073°C-m, so the

6.40x1073°C-m
1.47x10°%°C-m

HF bondis = 0.44 or 44% ionic.

9-13. p = er,= (1.60x10°C)0.2345x10°m) (Equation 9- 3)

= 3.757x107%° C+m, if purely ionic.

The measured value should be:
D;onic(measured) = 0.70p, . = 0.70(3.757 % 1072 C-my = 2.630x% 102 C-m

9-14. p, .. = er,=(1.60x10719C0.193x10°m) (Equation 9-3)
= 3.09x10%C'm

The measured valueis 2.67x 10" C-m, so the BaO bond is

2.67x10°%C-m
2.09x10°%C-m

= 0.86 or 86% ionic

9-15. Silicon, germanium, tin, and lead have the same outer shell configuration ascarbon. Silicon
and germanium have the same hybrid bonding as carbon (their crystal structureis diamond,
like carbon); however, tin and lead are metallic bonded. (See Chapter 10.)
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Chapter 9 - Molecular Structure and Spectra

9-16.

9-17.

9-18.

pP=p, +p,adp=646x102°C-m and p = p,c0s52.25° + p,c0s52.25° = 2p, c0s52.25°
If bonding wereionic, p, = er; = (1.60x107°C)(0.0956 x10°m) = 1.532x10"% C-m
p,(actual) = p/2(c0s52.25% = 6.46x107°C-m/2c0s52.25% = 5.276x1073°C-nm

=30 .
lonic fraction = fraction of charge transferred = 2.276x10 7 C-m _ 0.34 or 34%

1.532x10°%C'm

U= ak?p/r* (Equation 9-10)
(@) Kinetic energy of N, = 0.026 eV, sowhen | U= 0.026 eV the bond will be broken.

00260y = (11X10°7m-CY/N 9 x10°N-m?/C?(6.46x 10 C-my’

r6

6 _ (1.1x10%7m-CY/Ny9x10°N-m*/C?} 6.46x1073°C-m)’
0.026eV(1.60x 1071 J/eV

7

= 8.94x107% m*

r=67x10""m = 0.67 nm

2 .
b) U=-K" oy - o0026er= LAV Im L SSm
r r
(c) H,O-Nebondsin the atmosphere would be very unlikely. Theindividual moleculeswill, on
the average, be about 4 nm apart, but if a H, O-Ne molecule should form, its
U=0.003 eV at r = 0.95nm, atypical (large) separation. Thus, a N, molecule with the
average kinetic energy could easily dissociate the H, O-Ne bond.

(@ AE = 03eV = hc/A= 1240eV-nm/A — A= 1240eV-nm/0.3eV = 4.13x10° nm
(b) infrared

(c) Theinfrared is absorbed causing increased molecular vibrations (heat) long before it getsto
the DNA.
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9-19. (a) NaCl ispolar. The Na" ion is the positive charge center, the Cl~ ion is the negative charge
center.
(b) O, isnonpolar. The covalent bond involves no separation of charges, hence no polarization
of the molecule.

9-20. For N, Ey = 2.48 x10™*eV = /21 where I = %mroz and m = 14.0067u

2.48x107*eV(21) = %

2 H2
® 2.48x107*el)(14.0067 u)

(1.055x 1073 -5 12

(2.48% 1074 eV)(1.60x 10712 J/e V) 14.0067 uy1.66 x 10727 kg/uy

1.61x107%m = 0.1617nm

2

9-21. E = :_I (Equation 9-14) where = %mr(f for a symmetric molecule.
2 2 . 2
E - h - (“ﬁzc)2 _ (197.3 eV-nm) _ 1.78x10°4 eV

mry,  mc°ry) (16uc?)(931.5x10° eV/uc?)(0.121 nm)?

mm
9-22. ForH *Cl: p = 2 (Equation 9-17)

m1+m2

_ (1.0078u34.9689x,
1.0078% + 34.9689%

= 0.980u

(1.0078 u)(36.9659u)

(b) For H¥Cl: p =
1.0078 u + 36.9659u

= 0.981u
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9-23. Thereduced mass p allows usto treat one mass as fixed and to replace the other with u. For a
spring, theforceis F = - Kx = pa. Thedisplacement xis given by:
x = Acoswt = Acos27ft and a = - 2nf;> Acos2 Tft
So, -Kx = -KAcos2mft = pa = - 42 nf2 Acos2 mft

or K= p2nf - f= = | &
2w\ p

m,.m 2
9-24. (a) ForH,: p= —72 _ (100784
m,+ m, 21.0078u,

= 0.504u

2
(b) For N, : p = U+0067u7 _ 76034,
2 14.0067u,

(© For CO: = (20111159994 _ ¢ ecor

12.0111u + 15.9994u

_ (1.0078 u)(35.453 Uy

(d) For HCI :
1.0078u + 35.453u

= 0.980 u

m, m, _ (39.1u)(35.45u) _
m, + m, 39.1u + 35.45u

9-25. (@) p = 18.6u

2
(b) E, - :_1 (Equation 9- 14)  I= pr?

¥ (he)Y 22 (he)?

E, = 2 2 2 0 2
2ury  2pc’r, 2uc’E,

v

he _ 197.3 eV-nm
(2pe?EN?  2(10.6uc?)(931.5%10%eV/uc?)(1.43x10 5 V)2

0.280 nm
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926. £- - | X (Equation9-21)
2\ M

(@) For H*CI :p = 0.980u (see solution to Problem 9-22) and £ = 8.97x10" Hz
K=Q2nffp=2n28.97x10"Hz? (0.980u)(1.66 x 1072 kg/uy = 517 N/m

m.m
(b) For K™Br : p = 17 (39.102u(78.918 u,

= = 26.147u and f = 6.93x102 Hz
m; + m, 39.102u + 78.918u

K=Q2nffp=27n26.93x102Hz (26.147u)1.66x 10> kglu) = 82.3N/m
9-27. E, = % /2I Treating the Br atom as fixed,

1= myr¢ = (1.0078u)(1.66x 1072 kg/uy(0.141 nm))?

(105510734 J-5)
2(1.00781)(1.66 x 107%" kg/u)(0.141 nm)?(10™° m/nm*

or

1.67x10°2J = 1.04x103 eV
E,= 0(t+ 1)E, for 0=0,1,2,- (Equation9-13)

The four lowest states have energies:

E,=0
E, = 2E, = 2.08x102 eV
14-
E,= 6E, = 627x10 eV (=3
E 12-
E, = 12E, = 12.5x103 eV ” o
(x103%eV)
5 (=2
6 —
4 -
2 =1
0 =0
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9-28. AE = hf where f= 1.05x10"* Hz for Li,. Approximatingthepotential (near the bottom) with

asquare well,

AE(2— 1) = (22—1)( “72] — = hf

172

_ ( 3n ) 1.055x10734J-s
(1.05x10"3 Hz)(6.939u)(1.66 x 10" kg/u,

= 4.53x10"'m = 0.045nm

2
9-20. E, - ;‘_I where I= prl  (Equation 9-14)

For K35C| : b= (39.1021!)(34.9691!) - 1846 u

39.102u + 34.969u

For K37C| : b= (391021[)(349661[) = 19.00 u

39.102u + 34.966u

o = 0.267nm for KCl.

(1.055x 1073452

E, K*Cl) =
r -27 -9 2
2(18.461(1.66 % 1027 kg/u)(0.267 x 10" m,
= 2.55x107%J = 1.59x107 eV
-34 7. .2
EOr(K37Cl)= (1.055%107°%J s

2(19.002)(1.66 x 1072 kg/u)(0.267 x 10 m)*
= 248x107%J=1.55x103 eV

AE, = 0.04x 107%eV

9-30. (a) NaF - ionic (b) KBr - ionic
() N, - covalent (d) Ne - dipole-dipole
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1240eV-nm
2400nm

9-31. (& A=2400nm — E = hc/2400nm = = 0.517eV

E,-E =380eV E;-E,=0500eV E,-E; =29V E,-E,=030eV
The E; - E, and the E, - E, transitions can occur.

(b) None of these can occur, as aminimum of 3.80 eV is needed to excite higher states.

(©) A=250nm — E = 1240eV-nm/250nm = 4.96 eV. All transitionsnoted in (&) can occur.

If the temperature is low so only E; is occupied, states up to E; can be reached, so the

E,-E, and the E,-E, transitions will occur, aswell as E,-E,.

2.9eV = he/A or A= 1240eV-nm/2.9eV = 428 nm

(d) E, - E,

E,-E,=34eV = hc/A or A = 1240eV-nm/3.4eV = 365 nm

E,-E =172eV=hc/A or A= 1240eV-nm/72eV = 172 nm

A
0-32. —2L - oWAT_1  (Equation 9-39)
B, u(f)

For the Ho lineA = 656.1 nm

ﬂ _ he 1240eV -nm

- = 73.1
kT AkT  (656.1nm)(8.62x1075eV/K)(300K)

At T =300K,

eM/MT_ 1 = pB1_1 2 55x10]!

Spontaneous emission is more probable by a very large factor!

n El e -E,/kT
9-33. 1) - i.e., theratio of the Boltzmann factors.
n E e —Eo/kT

For O,: f= 4.74x10' Hz and

E,= hf/2 = 4.14x10 P el-s)4.74x 10 Hz)/2 = 0.0981eV
E, = 3hf/2 = 0.2% eV

At 273K, kT = (8.62x1073eV/K)(273K) = 0.0235 eV
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(Problem 9-33 continued)
E ~0.294/0.0235 -125
"Cy_ e - T 24x10
”(Eo) e -0.0981,/0.0235 e 4.17

Thus, about 2 of every 10,000 molecules are in the E, state.
Similarly, at 77K, ”(E1)

nky

= 1.4x10718

9-34. E=10(0+1)E,, for {=0,1,2,-- (Equation 9-13)

2
Where E, - % and I= prl with p = m/2

34 7,.2
or (105510 7. J'5) = 1.80x1072J = 1.12x10™*eV
2(18.994/2(1.66 % 1072 kg/uy0.14x 10" m)?

—

&

o
I

0
E = 2E, = 224x10%eV E -E,= 224x10"eV

,=6E, = 6.712x10*eV E,-E = 448x10%eV

E, = 12E, = 13.4x10*eV E,-E,= 6.72x10*eV
14~
12+ (=3
E, 10—
(x10“eV) 8—
6 =2
4-
2 =1
0 (=0
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(Problem 9-34 continued)

(b) Ab=+1 AE=hc/A = A= he/AE

For E,~ Ey: A= S220eVAM _ 5 54105 mm = 5.54 nm
2.24x10%V

For E,-E, . A= M = 2.77x10%m = 2.77 nm
4.48x10%V

For E,-E,: A = 1230€V"mm _ 4 g5 105nm = 1.85 nm
6.72x10%V

9-35. (a) 10 MW = 10"J/s = E = (107J/s)1.5x107%s) = 1.5x1072J
(b) For ruby laser: A = 694.3 nm, so the energy/photonis:
E = he/A=1240eV-rm /6943 nm = 1.786 eV

-2
Number of photons = (1.5x107) = 5.23x10°
(1.786eV,(1.60x 10" J/eV)
9-36. 4mW = 4x1073Jls
E=hc/A= % = 1.960 eV per photon
-3
Number of photons = 4x107"Jls = 1.28x10' /s

(1.96077)(1.60 x 10" J/e

9-37. sin® = 1221/D = 1.22(600x10°m)/(10x102m) = 7.32x107°°
= 0 = 7.32x107% radians
0 = S/R where S= diameter of the beam on the moon and R = distance to the moon.

S= RO = 3.84x10%m)(7.32x 107 radians) = 2.81x10* m = 2.81 km
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-E,/kT
e ? - By~ Ey/kT

EAT = E,-E, = hc/A = 1240eV-nm/420nm = 2.95 eV
AtT=297K, kT = (8.61x107°eV/K)(297K) = 0.0256 eV

n(E2) = n(El)e—2.95/0.0256 - 2.5)(1021 e_115 _ 2)(10_29 <0

(b) Energy emitted = (1.8 x 10?(2.95eViphoton) = 531 x10?1 eV = 850

2
9-39. (@) Tota potentia energy: U(r) = - ke” +E _+E_
r

2 .
the electrostatic part of U(r) at r, is - ke” _ _144eVnm -6.00 eV

¥y 0.24 nm

(b) The net ionization energy is.

= (ionization energy of Na) - (electron affinity of CI)

ion

5.14eV -3.62eV = 1.52¢eV

dissociation energy of NaCl = 4.27 eV (from Table 9-2)

427eV = -U(r,) = 6.00eV - 1.52eV = 4.6TeV-E,

E = 6.00eV-4.27eV-1.52eV = 021 eV

() E, = A (Equation 9-2)
7 n

Atry=024nm,E, = 021eV.

2
Atr=0.14mm,Ur) =0 and E,_= ¥~ _E - 8771
r
Atr,iE_=021eV=— 24 & 4= (021e0)(024nmy
(0.24nm)"
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(Problem 9-39 continued)

Atr=0.14nm:E,= 8.77eV = 4 A= (8.77eV)(0.14nm)"

(0.14nm)?
Setting the two equations for A equal to each other:

(1.71)" = 41.76

(0.24nmy* _( 024> _( 8.77eV
(0.14nm)" 0.14 021eV

nlog1.71 = log41.76
n = (log41.76)/(log 1.71) = 6.96
A=021eV(0.24nm)" = 0.21eV(0.24nm)** = 1.02x1075 eV nm %

m. m
9-40. (@) p= ——2 (Equation 9-17). Subtracting m, from both sides of the equation,

m,+ m,
2 2
e - m, m, o mymy-my ~mm,  m
1= 1= =
my + m, my + m, my + m,

Because m12 andm, + m, are aways positive, - m12/(m1 + m,) isaways negative, thus

K - m, is always negative; therefore, u is always smaller than m,. Subtracting m, from both
sides of Equation 9-17 leadsto p - m, dways being negative, hence  is also always smaller
than m,.

m, m
(b) p= 1 2 Becauseweexpect avery small difference between the two reduced masses, we must
m

m, +
! 2 use the best available atomic masses in the calcul ations.

_ (1.007825 u) (34.968851 u) _
1.007825 u + 34.968851 u

n(35) 0.979593 u

_ (1.007825 u) (36.965898 u) _
1.007825 u + 36.965898 u

0.981077 u

k(37)

A 155410 | adifference of 0.15%.
K(35)
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2 .
9041 (a) U, = - K¢ - 1'34206672’:’" - 5.39¢V

(b) ToformK™ and Cl " requires E, , = 4.34eV - 3.61eV = 0.73 eV

= 5.39eV - 0.73eV = 4.66eV

ke?
Ed: _UC: _(_T+ Eion

(c) E, = 4.66eV-4.43eV = 0.23eV at r,

2
942. E, = ;_I where I = pr02 with 7, = 0.267 nm and

mim,  (39.102u)(35.453u) _
m +m,  39.102u+ 35.453

18.594u

P‘:

34,2
E,, = (1-055x107715) = 2.53x1024J = 1.58x 1075 eV

218.5941y1.66 x 10" kg/uy0.267 x 102 m)*

k
9-43. (@ E,= i; where p, = ga, being the separation of the charges +q and -q of the dipole.

X
() U= -p*Eandp «E > p=0oFE
So the individual dipole moment of a nonpolar molecule in the field produced by p; is

py=ek,= akpl/x3 and U= -p,"E,; = o‘(kp1)2/x6

= —%] = —%[a(k2p12)/x6] = 6ak2p12/x7

9-44. (a) E; = he/ A= 1240eV-nm/(0.86mm) 108 nm/mm) = 1.44x1073 eV
E, = 1240eV-nm/(1.29mm) 108 nm/mm) = 9.61 x10™* eV

E, = 1240eV-nm/(2.59mm) 108 nm/mm) = 4.79x107* eV
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(Problem 9-44 continued)
These are vibrational states, Because they are equally spaced. Notethe v = 0 state at %2 the level

spacing.

18 - v=3

16

14 —
12 v=2
E, -

(x 10 eV) 174
8 _ v=1

6 —

4 _
v=20

(b) Approximating the potential with a square well (at the bottom),

2 2
E, = 479x10%eV = n2 & 1

2
mr,

12

. 22-12m2(1.055x 10734 J- 52
® 2(28.01u)1.66x 102 kgluy4.79x 104V 1.60x 10" J/e

= 2.15x107 %% = 0.215 nm

9-45. Using the NaCl potential energy vs

separation graph in Figure 9-23(b) as Oy

0.2 03 0.4 0.5

-
Separation distance, nm |

an example (or you can plot one

using Equation 9-1): '

Potential energy, eV
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(Problem 9-45 continued)
The vibrational frequency for NaCl is 1.14 x10™ Hz (from Table 9-7) and two vibrational

levels, for example v =0 and v = 10 yield (from Equation 9-20)
E, = 12hf = 0.0236 eV

E, = 112hf = 0496 ¢V

above the bottom of the well. Clearly, the average separation for v,, > v,,.

2
9-46. (a) E,, = v where 7, = 0.128 nm for HCI and

Or
2}1.7‘02

mym, _ (1.0079u)(35.453u) _
+m, 1.0079u + 35.453

0.980u

IJ':
m,

-34 7.2
E - (1.055 X107 ") = 2.089x 1027 = 1.303x 1073 eV

O 2,0.980uy1.66x 10" kgluy0.128 10 m)>

E =11+ 1)E,,
E,=0 E =2E,=2606x102eV E,=6E, =782x102eV
AE, = E,-E,= 2.606x10eV  AE, = E,~E, = 5214x103 eV

-3
Af, = AE,,/h = 200610 eV _ 4 630x101 Bz

4.136x10 B5elV-s

5214x103eV
4.136x10 ey s

1.26x10'? Hz

Af,,= AE,/h=

for = FEAS,, = 6.884x10£0.63x 10" = 6.890x 10" Hz ; 6.878 x 10 Hz
Aoy = ¢/fyy = 435.5 nm 5 436.2 nm
for = fEASf,, = 6.884x10"£1.26x10" = 6.897x10" Hz ; 6.871x 10" Hz
Mgy = /fy, = 435.0 nm 3 436.6 nm
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(Problem 9-46 continued)

9-47.

9-48.

9-49.

(b) From Figure 9-29: Af,, = 0.6x10"*Hz and f,, = 1.2x10" Hz

The agreement is very good!

@ LiZZ Ev =(v+ 1/2)hf
E, = (3/2)(4.14x10" P eV-5)1.05x 10 Hz) = 0.0652¢V = 6.52x1072 eV

E,

=00+ 1)E,,

E = 2(839%x107eV) = 1.68x107 eV
(b) K™Br: Ev =(v+ 1/2)hf

E, = (3/2)(4.14x10 % eV-5)6.93x 102 Hz) = 4.30x107% eV

E,

=00+ 1)E,,
E = 29.1x10%¥V) = 1.8x107%eV
R(HCI) = 0.980u  (Seesolution to Problem 9-46)
From Figure 9-29, the center of the gap is the characteristic oscillation frequency f :

f=865x10%H; » E=036eV Thus f= —— | X or kK= 2nfPp
m

27

K= (27)*8.65%10" Hz)*(0.980u)(1.66 x 107> kg/u) = 480 N/m

B -E/kT
n(E = g(En)e

Ay, = 6943 nm = E,-E, = he/A, = 1230€V°mm _ 4 2860 ep

694.3 nm

E2/—E1 = 1.7860 eV + 0.0036 eV = 1.7896 eV
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(Problem 9-49 continued)
Where E, is the lower energy level of the doublet and E2’ isthe upper.

Let T=300K, s0 kT = 0.0259 eV

/
n(Ez) g(Ez) o BBy kT _ 26—1.7896/0.0259 - 13—69 - 491x1073!
nEy gk 4

@

S
=
S}

(b) If only E, — E, transitions produce lasing, but E, and E2/ are essentially equally populated,

inorder for populationinversion betweenlevels E, and E, , at least 2/3 (rather than 1/2) of the
atoms must be pumped. The required power density (see Example 9-8) is:

_2N
3

hf| | 22x10%cm>)6.63x107J-5)4.32x10" Hz) _ 1273 Wiem
t 33x1073s)

9-50. (@ E, = (v+ 1/2)hf (Equation 9-20)
Forv=0, E, = hf/2 = (6.63x1073*J-5)8.66x10 Hz)/2 = 0.179eV

(b) For At =1, AE, = *h/I = (hAf

34 7.
6.63x107°%J-s _ 2.8><10'47kg'm2
472 6x10'" Hz

O = h/ATEASf =

(c) | = pr? where pu is given by Equation 9-17.

m.m
p= —2C - 0973u =r=0132mn
My + Mey
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9-51. () ‘Z—U - Uy~ 12a"r73 - 2-6ay 7
/d

For U_...dU/dr =10, so-12a2r %+ 124°=0—2 rt=ag°%—> r=g

o) (2]

(c) FromFigure9-8b: r,= 0.074nm (=a) U = 328eV

(o) ForU=U,,, r=athenlU, , = U, = (1-2)U, = -U,

in?

(d)

r/r, (ro/r)lz —2(r0/r)6 U
0.85 7.03 -5.30 +56.7
0.90 35 -38 -98
0.95 1.85 - 272 - 285
1.00 1 -20 - 328
1.05 0.56 -15 -30.8
1.10 0.32 -1.12 - 26.2
1.15 0.19 - 0.86 -220
1.20 0.11 - 0.66 -18.0

60 l

s04

404

30l U

0t

10+

¢ Pt e

008 50950 KOG A0 200 3 i,

J10T /.“’

20T \ /‘

a0t N’

!
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9-52. (a)  ke-

+E _+ E_  (Equation 9-1)

For NaCl, E, =4.27 eV and r, = 0.236 nm (Table 9-1).

Ey = E,, (Na) + E; (Cl) =5.14 - 362=152eV andU(r) = -E,= -4.27 eV

2
E_ - -427+ F¢
0.236

ex

-1.52 = 031eV

(b) E_, = Ar™ = 031eV (Equation 9-2)

Following Example 9-2,

2
ke o 2585evim = A - P o31er,
2 | 7
Solving for n

n = (25.85eVinm)0.236nmy/0.31eV = 19.7 = 20

A = 0.31eV,0.236mm?»® = 8.9x10 “eV-nm?°

2
9-53. For H* - H system, U(r) = ke”, E,_
¥

Thereisno E, term, the two electrons of H™ arein the n = 1 shell with opposite spins.

E__ = ionization energy for H" - electron affinity for H = 13.6eV-0.75¢eV = 12.85¢eV.

ion

1.440eV-nm

U(r) = - LA40eVmm 1) g5y 4U(r) _ 1440
r

r r2

For U(r) to have aminimum and theionicH ™ - H~ moleculeto be bound, dU,dr = 0. Aswesee

from the derivative, there is no non-zero or finite value of r for which this occurs.
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9-54. (a) 1.52x 103, SeeProblem 9

-40(h).

(b) The energy of atransition from one rotational state to another is

AE,,, = (¢+ 1)¥/I= hf (Equation 9-15)
U+ DR+ DR 1+ DA
f= - 2 2
hi 47 hpr,  4mtpr,
L. W [(E2P) (L] Ap
du 411:21’02 p?
AF_ |+ Dk (_ﬂ (DR Ap
[ |4rurg b 4mturg M
Af  Ap _ -3 . 3B [
(© 7 = -—— = -1.53x107° from part (b). In Figure 9-29 the Af between the *Cl lines

(the taller ones) and the *'Cl lines is of the order of 0.01x10"3 Hz, so Af/f= 0.0012, about
20% smaller than Ap/p.

mm, _ (12.0112u)(15.994u) _
12.0112u + 15.9994u

9-55. (@) For CO: ry = 0.113 p= 6.861u
m;+ m,

I= prl = (6.861u)(1.66x10" kg/u)0.113x107%)2 = 1.454x107* kg-m>

¥ (1.055x 10734 J-52

= = = 3.827x10° 3 J = 2.39x10™* eV
21 2(1.454x10 % kg-m?,

8 —

(b) E, = 0(0+1)E0r 7_
E, =0 6—
5| i 01=4

2E,, = 478x10*eV

—

B I
|

= 6E,, = 1.43x1073eV E,

[\9)

E, = 12E, = 2.87x1073eV (x103eV)

I =1
E, = 20E,, = 478x1073eV

0 (=0
E.=30E, = 7.17x103eV

or
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(Problem 9-55 continued)
(c) (Seediagram)
E, = (7.17-4.78)x 102 eV = 2.39x103 eV

E, = (478-287)x102 eV = 1.91x1073 eV
E, = (287-143)x1073 eV = 1.44x103 eV
E, = (143-0.48)x1072 eV = 0.95x1073 eV

E,, = 478x10*eV

(d) A= he/E
oy = L2A0eVimm 5 162105 mm = 0.519 mm
239x1073eV
A,y = 2280eVAm 6 49105 nm = 0.649 mm
1.91x107%eV
Ay, = 1280eVAm g 612105 nm = 0.861 mm
1.44x107% eV
Ay, = L2A0eV"nm 43 055 10% mm = 1.31 mm
0.95x1073eV
Ay = 280eVAm 55 9105 nm = 2.59 mm
4.78x107*eV

All of these are in the microwave region of the electromagnetic spectrum.
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