Exc.1

(a) TFor an electronic transition of known frequency the transition quantum is the corresponding
photon energy. Thus,

Ephoton = ] w

=(6.626 x 10 T s) x (1.0x 105 ) ={ 6.6 % 109 J

and for a mole of photons

E_ =N,hv

= (6.022 x 108 mol™) x (6.626 X 10 T 5) x (1.0 x 105 571) ={4.0 % 10? kJ mol-!

(b) The harmonic oscillator is used as the model for the quantum motion of molecular vibration
and eqn 9.29, along with Figure 9.38, indicates that quantum states are separated by the energy
quantum AE = hv = h/T where the period T'is defined to be the inverse of frequency (7= 1/v).

AE=hIT

=(6.626 %10 J 5)/(20x 10¥s)=(3.3x 10-%J

AEm = NAE

=(6.022 X 10* mol™*) x (3,3 X 107 J) =| 20, kJ mol~!

(¢) The harmonic oscillator is also used as the model for the quantum states of pendulum motion.
So, like part (b) eqn 9.29 indicates that quantum states are separated by the energy quantum

AE=hv="h/T.
AE=hIT
= (6.626 X 10 J 5)/(0.50'5) =
AEm = NAE

= (6.022 x 102 mol) x (1.3 % 103 J) ={ 7.8 x 103 kJ mol-!

This extraordinarily small separation is caused by the macroscopic, large mass characteristics of a
pendulum. The energy levels are so close together that the pendulum energies appear as a continuum
of values that are successfully described by the classical laws of physics.



Exc.2

Exc.3

x=ﬁ=_/‘_ [9.3]
p nmw

(6.626 % 10" J 5)

= =16.6x 10 m
(1.00 m s71) x (1.0 x 1073 kg) _
—-34
® 2 (6.626% 104 J 5) B ey

T 10X 10°msT) x (10X 10~ kg)

-34
G (6.626 X 10" 5) e

~ 4,003 % (1.6605 % 107 kg) (1.0 % 10° m s°1)
(d) m=85kg v=8.0kmh~

(a)

A=—=—de Broglie relation [9.3]

6.626x 10 J s 3600 s _
= _3.5 x 1073 m

~ (85kg) X (8.0% 10° m b))

(e) This extraordinarily small wavelength calculated in part (d) is much, much smaller than the
diameter of a hydrogen nucleus and that calculation illustrates the hopelessness of measuring the de
Broglie wavelength of a macroscopic object. The de Broglie wavelength does increase as the speed of
an object decreases and, according to the quantum behavior of a particle in a one-dimensional box of
length L, the de Broglie wavelength may be as long as 2 L. For yourself at rest, the de Broglie wave-
length would increase to infinity, but what meaning could be attached to this result in unclear.

The momentum per photon of wavelength 650 nm is

—34
h 9.3 =6.626><10 Js

pphoton:_[ . ]

=1.02x10% kgms™!
A 650 % 107 m

and this is also the change of momentum per photon absorbed by the fabric. The laser produces a
hefty N, photons per second and all photons are absorbed by the spacecraft sail. The power P of
this 650 nm laser is

P= (NA S_l) XEphoton - (NA S_l) X hC//l
=(6.022 % 10% s71) x (6.626 x 1073 J 5) X (2.998 x 108 m s71)/(650 X 10° m) = 184 kW

(a) The force Fin SI units on the sail is the change in momentum experienced by the sail per sec-
ond. This is equal to the photon flux, N, s™', multiplied by the momentum lost by a photon.

F= (NA S_]) xpphoton
=(6.022x 102 s x (1.02x 10 kgms7)=[6,14 x 10* N

(b) The pressure exerted by the radiation equals the force F divided by the sail area 4.

FIA = (6.14 % 10 N)/(1.0 x 106m?) =614 pPa

-1
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spacecraft

F 6.14x 10*N



Exc.4 Ap=1.00x 10~ p [i.e. 0.0100% of p] = 1.00 x 10~ m,p

7i hi

Ax=——-[9.5]

B 2Ap

T 2% (1.00 % 10%) x mp

(1.055% 10734 J s)

T 2% (1.00% 104) x (1.673 X 107 kg) (3.5 % 105 m s-1)

=9.0x 10"°m, or|{0.90 nm

Exc.5 The minimum uncertainty in position is

A 1.0546x1047s
2Ax  2(100 % 10-2m)

Ap =

100 pm

. Therefore, because AxAp 2 %h[9.5]

=45 3% 10% kibm.s!

-25 ~1
szAp: 5:3% 10 kgms i

58x10°ms™!

m, 9.11x 10 kg

Xy
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Exc.6 P =f w?dx, wherey = (%J sin [fLﬁJ

R ax ||’ e
Pe — | sin|— |} dx=|= 2l B s
f"l {(LJ ( L ]} : (L]fﬁ = [L )d-\



Using the standard integral [sin%(ax) dy = =¥ _ $in(2ax)

i 4 , the working equation becomes
a

p{i) ;_S]_n[@\_j :[x | .(zmﬂm

e el 1 &
(@) P=|—-—sin [——— =| ¥ ——sin (27:.\‘):1 =10.196
| ¢ 3 27 L JlorL 2r 0
o e N\ 213
&l ey [Eaeg
(b)y P= i sin (T =| ¥ ——sin (27rx)1 =10.609
5 % Jw L 2= din
- AT ol
X, alion -20%
© P= TR sin [ﬂ]-‘ =|x- i sin(2zx) | =|0.196
s i L)l | 2= dans

Note that the probabilities sum to 1.

L

= A?L =1 [the normalization condition]
0

oo L L L
Exc.7 J vidx = j yidx = J A%dx = A2J' dx=A*x

0 0 0

—c0

12 12
1
Therefore, 4 = (%) and the normalized wavefunction is |y = (—) .

Exc.8 (a) Theenergy levels are given by:

_n

" 8mI?

and we are looking for the energy difference betweenn=6 and n="7:
AE= h(7? - 6%) .
8mL?

Since there are 12 atoms on the conjugated backbone, the length of the box is 11 times the bond
length:

L=11(140%10"2m)=1.54 x 10 m,

34 T 62 (49 —
__ (6,626 %10 J 5)*(49 36)  _ 33010771
8(9.11 x 107* kg)(1.54 x 1072 m)?

SO

(b) The relationship between energy and frequency is;

n -19
AR 380508 e e
h 6.626x 1015

AE=hy, so v=

This frequency corresponds to a wavelength of about 600 nm, which is in the orange region of the
Spectrum.



EXC_ 9 The rate of tunneling is proportional to the transmission probability, so a ratio of tunneling rates is
equal to the corresponding ratio of transmission probabilities, The desired factor is 7'/T;, where

the subscripts denote the tunneling distances in nanometers:

(erL; it e—A‘L;)Z

' 16e(1 —
- - i _8) . (See Physical Chemistry 2010 for the full formula used here).
T2 (exL, S e—kLl)Z

16e(1 —¢)

(e°2 — e~L2)>
16e(1 —¢)

kL, __ a—xL;)2
then 11_ ~ ui =~ ez"(h“lq) = 32(7/'1“‘)(2-0‘1-0)“111 =[{1.2x% 106 b

T’ (exL, o e—KLl)Z

> 1, and similarly for L,.

That is, the tunneling rate increases about a million-fold. Note: if the first approximation does not
hold, we need more information, namely ¢ = E/ V. If the first approximation is valid, then the second
is also likely to be valid, namely that the negative exponential is negligible compared to the positive
one.

EXC 1 O With 10 electrons, the five lowest states will be occupied by two electrons each. The energy levelsare
] (eqn. 9.13b)

p
ny  n} )\ M
En,,m: '_2+—_2"
LY L% )8m,

n3 n3 (6.626 x 10734 J 5)?
(Ly/jpm)?>  (Ly/pm)* )8 x9.11 x 107! kg % (10712 m)?

2 2
B L +—”—2—] %6.02% 107 T,

280>  450°

The seven lowest energy levels are shown in the table below:

13,715 1,1 1,2 2,1 1,3 2:2 1.4 23

E/N0RJ 1.07 1.96 3.37 345 4.26 5.53 375

(a) The highest occupied level is (2,2); its energy is|4.26 x 10718 J |,

(b) The energy of the photon is equal to the difference in energy levels, in this case between levels
(2,2) and (1,4):




AE = E o= hv = (5.53 - 4.26) x 107 J,
1.27% 10718 )

ve————————=1925"=|1.92 Hz|
6.626x 10J s

E XC 1 1 The angular momentum states are defined by the quantum number m7,=0,+1,£2, etc. By rearranging
) eqn 9.22, we see that the energy of state rm, is

mil?
En="or

and the angular momentum is

L=mfi

(a) There are 22 electrons, two in each of the lowest 11 states, then the highest occupied state is
nm, =15,

so J.=15h=%5%(1.055x 103 Js)={5.275x 10 Js

2512

and Eﬁ =

The moment of inertia of an electron on a ring of radius 440 pm is
I=mr2=(9.11x10" kg) x (440 x 10> m)?=1.76 x 10%° kg m™2,

25%(1.055% 107347 s)?
Hence, E.= =|7.89%x10"1°)
B e T (176 % 10° kgm) 280 w4102
(b) The lowest unoccupied energy level is m7, = £6, which has energy

_36%(1.055x 10 J s)?
2x(1.76 x 10% kg m?)

L =1.14%x 10718

Radiation that would induce a transition between these levels must have a frequency such that

AE (114-7.89)x10"°]
hv=AE so y=——= =[52%x 10“H
W o e

This corresponds to a wavelength of about 570 nm, a wave of visible light.




Exc.12 (@) I=my?[textSection 9.5(a)]
= (1.008 u) x (1.6605 x 102 kg/u) x (161 x 10-'2 m)?
=[4.34 X 10* kg m?

m3l?
(b) E,= 2—1 [9:22]; wherem, =0, 1,42, . ..

2
AE=E - E,= 4 and AE=hv=Z1£
8n2l A
_h_c_ 8n2cl
AE h

_ 8722 x(2.998 x 108 m s7') x (4.34 x 10*" kg m?)
6.626x 107 J s

=1.55%102m=|1.55 mm

This wavelength is in the microwave region of the electromagnetic spectrum.

12
Exc.13 ® zi(f;—) 929

= Al " _[emxiors
2 | (1.0079 u) % (1.6605 x 10?7 kg u™) '

8 -1
(b) x=£=2'69982>;l]%]3mf =4,35% 10 m =(4,35 pm
12 5 st

(¢) The D-I bond and the H-I bond are expected to have almost identical bond strengths
and identical bonding force constants, &, because bonding is an electronic, not a mass/isotopic,
property. However, the vibrational frequency does have a mass dependence.

\1/2
v=2l(-’fLJ [9.29]

T\ m

L(ﬁ]m
ﬂ=2_ﬂ£__= g 1/2— l 1/2_0707
Var 1 ( ke j"z mp 2 j

2z

ny

When hydrogen-1 is replaced by hydrogen-2 (deuterium) in H-I, the vibrational frequency decreases
by a factor of 0.707.



EXxc.14 (a) The probability density varies as

wz L g=2rla

nay

The maximum value is at » = 0 and y? is 25 per cent of the maximum when e=2"% = (.25, so that
W

r=1/2 a,In(0.25), which is at | r = 0.693 a, |, which corresponds to 36.7 pm.

(b) The radial distribution function varies as

2
L s I o
P=4nry*=—o=e
r
0

The maximum value of P occurs at r = g, because

9‘.}_) oc (2, S .2_’:?_} 8_2"/”" =atr= a and Pmax i i e_z
d" % ay

P falls to a fraction f of its maximum when

o2
__4]_3 e—Zr/ao ,
a I
f= 0 2 _2 eZC—Zrlao
2.0 G
ay

Therefore, solve

f] 2 7
— i e—f/ﬂo
€ day

£=0.25

solves to r=2.6783 g, or 0.2320 g, =| 142 pmor 12 pm

(c) The most probable distance of a Ls electron from the nucleus occurs when the first derivative
of the radial distribution function equals zero.

Py, =4nr*y} [13.8a] = 4nr? (Ne )2 [13.7] = 4rN*(re2"m)

2 —2(/(10 1
..(_if_]i — 47;N2 ﬂﬂ_) = 475N2 2 re—Zp/(ln + ’,2 s 2‘_ e—ZrIm, - 87L'N2 1 e _L re-—Brlao
dr dr a @

The derivative equals zero when the factor 1 - r/q, equals zero, Therefore, | 1.« = o |




Exc.15 I1dentify /and use angular momentum = {/(/+/)}'? h

Exc.16

(@) 7=0,so|ang. mom.=0

(b) 7/=0,so0|lang. mom.=0

(¢) [=2,so|ang. mom. = Jgh

(d) I=1,s0|ang. mom.zﬁﬁ

(e) [=1,s0|ang. mom. =\/—2—h

The total number of nodes is equal to n — 1, and the number of angular nodes is equal to /; hence
the number of radial nodes is equal to n — 1 — I, We can draw up the following table:

ls 3 k 3d 2p 3p
) 1,0 3,0 2 2:1 3,1
Ang. nodes 0 0 2 1
Rad. nodes 0 2 0 0 1

For a given / there are 2/ + 1 values of m, and hence 2/+ 1 orbitals. Each orbital may be occupied by
two electrons, Therefore, the maximum occupancy is 2(2/ + 1).

/ 221+ 1)
(2) 0 /)
(b) 3 14
(© 5 22




