Electronic
Structure of Atomg

Visualizing Concepts
6.1 (3)  Speed is distance traveled

(b) Measure the distance between

() Since speed is distance/time, an

(d) We can measure frequency of the

r of times per second It moves through a
complete cycle of motion,
6.2 Given; 2450 MH2 radiation. Hz = s-1, unit of frequency, M=1 108;
245 x 109 Hz = 245 x 109 51,

(@ Find 245 x 105 -1 on the frequency axis of Figure
corresponds to this frequency is approximately 1 x 10-1
()  No, visible radiation h

as wavelengths of 4 x 107 15 7 » 10-7
01m.

()  Energy and wavelength are j

(d) Radiation of 0.1 m is in
appliance is probably a mj
MHz, 50 the device is not

6.3 Wave (a) corresponds to higher energy radiation,
radiation js directly Proportional to frequency

wavelength, Waye (a) has the shorter wavelength and
6.4

2450 x 106 Hz =

64. The wavelength that
=01mor10em,

m, much shorter than

The energy of electromagnetic

and inversely Proportional to
thus the higher energy.
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tronic Structure of Atoms Solutions to Exercises

If the burner had a super high setting, the emitted wavelengths would be shorter
than those of orange light and the glow color would be more yellowish,
progressing to white. (See Figure 6.5.)

Increase. The rainbow has shorter wavelength blue light on the inside and longer
wavelength red light on the outside. (See Figure 6.4.)

Decrease. Wavelength and frequency are inversely related. Wavelength increases
so frequency decreases going from the inside to the outside of the rainbow.

The light from the hydrogen discharge tube is not a continuous spectrum, so not
all visible wavelengths will be in our “hydrogen discharge rainbow.” Starting
with the shortest wavelengths, it will be violet followed by blue-violet and blue-
green on the inside. Then there will be a gap, and finally a red band. (See the H

spectrum in Figure 6.11.)
n=1n=4 b) n=1,n=2
Wavelength and energy are inversely proportional; the smaller the energy, the

longer the wavelength. In order of increasing wavelength (and decreasing
energy): (iijn=2ton=4<(v)n=3ton=1<(lijn=3ton=2<({)n=1ton=2

w?(x) will be positive or zero at all values of x, and have two maxima with larger
magnitudes than the maximum in y(x).

The greatest probability of finding the electron is at the two maxima in y?(x) at
x=n/2and 3n/2.

There is zero probability of finding the electron at x = n. This value is called a
node.

1
p (dumbbell shape, node at the nucleus)

The lobes in the contour representation would extend farther along the y axis. A
larger principle quantum number (4p vs. 3p) implies a greater average distance
from the nucleus for electrons occupying the orbital.

In the left-most box, the two electrons cannot have the same spin. The Pauli
exclusion principle states that no two electrons can have the same set of quantum
numbers, Since the first three quantum numbers describe an orbital, the fourth
quantum number, m,, must have different values for two electrons in the same
orbital; their “spins” must be opposite.
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6 Electronic Structure of Atoms Solutions to E"erCise

6.10

The Wave Nature of Light (section 6.1)

6.11
6.12

6.13

6.14

6.15

6.16

(b)  Flip one of the arrows in the left-most box, so that one points up and g, i JE.
down. e

{c}  Group 6A. The drawing shows three boxes or orbitals at the same energy ey :~:
must represent p orbitals. Since some of these p orbitals are partially filled’ it
must be the valence orbitals of the element. Elements with four val ' -

ENCe electya |
in their p orbitals belong to group 6A. om

Vi

(a) Group7A or 17, the halogens, the column second from the right
(®) Group5Aoris

]
()  Gallium, atomic number 31, at the intersection of row 4 and group 3A or 13 =-5
(d)  All of the B groups, groups 3-12, in the middle of the major part of the table, no;
¥

including the two rows of £-block elements 4

(@) Meters (m) (b) 1/seconds (s-1) (c) meters/second (m-s™* or m/s) I
(8) Wavelength (A) and frequency (v} are inversely proportional; the proportionaljty_fl
constant is the speed of light (c). v=c/A. 5

el

(b) Light in the 210-230 nm range is in the ultraviolet region of the spectrum. These - 3
wavelengths are slightly shorter than the 400 nm short-wavelength boundary of |

the visible region. :
(@) True.
i
(b) False. Ultraviolet light has shorter wavelengths than visible light. [See Solution ' !
6.12(b).]
(c) False. X-rays travel at the same speed as microwaves. (X-rays and microwaves
are both electromagnetic radiation.) o

(d) False. Electromagnetic radiation and sound waves travel at different speeds. &
(Sound is not a form of electromagnetic radiation.) ;
(a) False. The frequency of radiation decreases as the wavelength increases.

(b) True
(c}  False. Infrared light has lower frequencies than visible light.

(d) False. The glow from a fireplace and the energy within a microwave oven ar¢
both forms of electromagnetic radiation. (A foghorn blast is a form of sound
waves, which are not accompanied by oscillating electric and magnetic fields.)

Analyze/Plan. Use the electromagnetic spectrum in Figure 64 to determine the
wavelength of each type of radiation; put them in order from shortest to longest
wavelength, Solve.

Wavelength of X-rays < ultraviolet < green light < red light < infrared < radio waves
Check. These types of radiation should read from Ieft to right on Figure 6.4

Wavelength of (a) gamma rays < (d) yellow (visible) light < (e) red (visible) light <
(b) 93.1 MHz FM (radio) waves < (c) 680 kHz or 0.680 MHz AM {radio) waves
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Seg 7 Electfonic Structure of Atoms Solutions to Exercises
ithe, Analyze/Plan. These questions involve relationships between wavelength, frequency,
4 a:d the speed of light. Manipulate the equation v = ¢/A to obtain the desired quantities,
oyl & payi“g attention to units.  Selve.
i 8
they e 2998x10°'m 1 1pm =30 x 10 5!
Tons - @ V=M s 10pm  1x10%m
: 2.998 x 10° m 1s n
(b) l=cly; S x 550 x 1014 =545 % 107" m (545 nm)
() The radiation in (b) is in the visible region and is “visible” to humans.
The 10 um (1 x 10~ m}) radiation in (a) is in the infrared region and is not visible,
ot 1s 2.998 x 10° m a
> x =1.50 x 10" m
@ 500K X s s
Check. Confirm that powers of 10 make sense and units are correct.
, 2998 x 10° m 1 _ 2 1
5) @ v=c/k; : TR =6.0 x 10" s
dity %
[ N ’.2.998x108mx s iom
ese (")\ sV 25x 10°
y of {(c)~ Neither of the radiations in (a) and (b) can be observed by an X-ray detector.
Radiation (a) is infrared and radiation () is radio frequency.
-15 8
@ 105fsx 210 5 2B M _505, 10 m(3.15um)
o 2 1fs s
Analyze/Plan. v = c/A; change nm — m.
ves 2.998 x 10° m 1 Inm
Solve. v=cfA; =5.64 x 10" 57!
3 S s 5%2nm  1x107m g
ds. The color is green.
3 Check. (3000 x 10° /500 x 10-%) = 6 x 104 s-1; units are correct.
According to Figure 6.4, ultraviolet radiation has both higher frequency and shorter
wavelength than infrared radiation. Looking forward to section 6.2, the energy of a
photon is directly proportional to frequency (E = hv), so ultraviolet radiation yields
are more energy from a photovoltaic device.
lnd . . .
'Quantized Energy and Photons (section 6.2)
the Quantization means that energy changes can only happen in certain allowed
) &Y 8! y nhapp
est increments. If the human growth quantum is one-foot, growth eccurs instantaneously

in one-foot increments. That is, a child experiences growth spurts of one-foot; her
height changes by one-foot increments.

Planck’s original hypothesis was that energy could only be gained or lost in discrete
amounts (quanta) with a certain minimum size. The size of the minimum energy
change is related to the frequency of the radiation absorbed or emitted, AE = hv, and
energy changes occur only in multiples of hv.
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6 Electronic Structure of Atoms Solutions to Eer'CiseE

6.23

6.24

6.25

6.26

Einstein postulated that light itself is quantized, that the minimum energy of a Photgy, :
(a quantum of light) is directly proportional to its frequency, E = hv. If a photon, that &
strikes a metal surface has less than the threshold energy, no electron is emitteg from
the surface. If the photon has energy equal to or greater than the threshold energy,

electron is emitted and any excess energy becomes the kinetic energy of the electroy,

Analyze/Plan. These questions deal with the relationships between energy, Wavelengy, |
and frequency. Use the relationships E = hv = hc/A to calculate the desired quanﬁﬁ&;;
Pay attention to units. Solve. -

s,
o

(@) E=hv=6626 x 10 J.5 x 6.75 x 10" 57! = 447 x 107 ] -
he  6.626x10° J.sx2.998x108 m/s  1nm &
AE=hv=— = =617 ~19 !
®) v A 322 nm xlxlO"’m x1077)

6.626 x 107 ] .5 y 2.998x10°% m
2.87 x 1078 ] 1s

() A=hc/AE= =692 x 10 m=69.2nm

‘.1-.'
Analyze/Plan. These questions deal with the relationships between energy, wavelength, f'
and frequency. Use the relationships E = hv = hc/A to calculate the desired quantities,
Pay attention to units. Solve.

2.998x103mx 1 _lmm
s 650nm 1x10%m

(b) AE=hv=6.626 x 10 J.5 x 4.6123 x 10" s =3.06 x 1071

(@ v=cA= = 4.6123x 10" =4.61x 10" 5™

(c)  The energy gap between the ground and excited states is the energy of a single I-*.-
650 nm photon emitted when one electron relaxes from the excited to the ground

state. AE=3.06 x 1077 ] g
p
Analyze/Plan. Use E = he/); pay close attention to units.  Solve. N f
) 2.998 x 108 m 1 1um 4
E=hc/A=6.626 x 107 ] - , %
(@) cf x J-s x . x3-3|-lm xlx]O"'m ; :
=60 x107%)
8
E=heh=6626x 0% ].sx 220X10m 1, _ 1nm
1s 0154nm 1x107 m
=129 x 107 ]

Check. (6.6 x3/3.3) x (10-¥ x 10%/10-¢) =~ 6 x 10-2]

(6.6 x3/0.15) x (10-3 x 10%/10-°) = 120 x 10-77 = 1.2 x 10-%]
The results are reasonable. We expect the longer wavelength 3.3 um radiation to
have the lower energy.

(b)  The 3.3 um photon is in the infrared and the 0.154 nm (1.54 x 10-'° m) photon i
in the X-ray region; the X-ray photon has the greater energy.

E=hv

AM:6.626 x 107 )5 x

3
1010 x 10 =660 x 10°8 ]
s
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Electronic Structure of Atoms Solutions to Exercises

98.3 x 10°

=651 x 1072 J
1s

EM:6.626 x 107 .5 x

The FM photon has about 100 times more energy than the AM photon.

Analyze/Plan. Use E = hc/A to calculate J/photon; Avogadro’s number to calculate
J/mol; photon/] [the result from part (a)] to calculate photons in 1.00 m]. Pay attention

to units. Solve.

=6.1122 x 1077

_6626x107].s 2998 x 10°m
5

(@)  Ephown She/h=—rr s

=6.11 x 10™"? J/photon

-19 3
61122 x 1077 ] 5022 x 10 photons =368 x 10° J/mol = 368 k}/mol

(b) 1 photon 1 mol
=3
lphoton o oomy x 22197 164 x 10 photons

©  zmx107]
Check. Powers of 10 (orders of magnitude) and units are correct.

(d) If the energy of one 325 nm photon breaks exactly one bond, one mol of photons
break 1 mol of bonds. The average bond energy in kJ/mol is the energy of 1 mol
of photons (from part b) 368 kJ/mol.

3
M x107J Lmol =1.563 x 10”18 =1.56 x 10~1® J/photon
mol N, 6.022 x 10~ photons
6.626 x 107 J.s  2.998x10° m

F— x =1.27 x 1077 m =127 nm
1.563 x 10718 ] 1s

A=hc/E=

According to Figure 6.4, this is ultraviolet radiation.

Analyze/Plan. E = he/A gives J/photon. Use this result with J/s (given) to calculate
photons/s. Solve.

(@)  The ~1 x 10-® m radiation is infrared but very near the visible edge.

_ 6626 x10J.s 2998 x 10°m

——— x =2.0126 x 107"
987 x 10° m 1s

(b) Epholon =hc/a

=2.01 x 107" Jfphoton
0.52] y 1 photon
325 20126 x 1079 ]
Check. (7 x3/1000) x (10-% x 108/10-%) = 21 x 10-® ~ 2.1 x 10-Y J/ photon
(0.5/30/2) x (1/10-*°) = 0.008 x 10'? = 8 x 10'® photons/s

Units are correct; powers of 10 are reasonable.

=8.1 x 10" photons/s

(@)  3.55 mm = 3.55 x 10-? m; the radiation is microwave.

_6626x107].s 2998 x10°m

E =he/d= =55957 x 1072
®) Eproen =he/A == T 1s 8

=5.60x10"% J/photon
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6 Electronic Structure of Atoms Solutions to Exerci, f:_
3

631

6.32

Bohr’s Model; Matter Waves (sections 6.3 and 6.4)

6.33

6.34

55957 x 102 ] 32 x 10° photons  60s 60 min -
=6. -1
1 photon 8 1s ) 1 min * 1hr 4463 x 1071 i

=64 x 1071

Analyze/Plan. Use E = hv and v = ¢/A. Calculate the desired characteristics of the
photons. Assume 1 photon interacts with 1 electron. Compare E, i, and E, 5 to
calculate maximum kinetic energy of the emitted electron,  Solve.

(@) E=hv=6626x10"].5s x .09 x 10”7 =7.22 x 10717}
2.998 x 108 m 1s
x
1s 1.09 x 10°

z.*99¢s;><10“m>< 1 __1nm
1s 120nm  1x107%

®) r=civ=

=275 x 1077 m =275 nm

© Epp=hc/A=6.626 x 107 ]-g x

=1.655 x 107° =1.66 x 10~

The excess energy of the 120 nm photon is converted into the kinetic energy of the .:_
emitted electron. i

Ey =Ejz - Epin =16.55 x 10°] - 7.22 x 10~ = 9,3 x 10-"% ] /electron

Check. E,39 must be greater than E,,,, in order for the photon to impart kinetic energy o
the emitted electron. Our calculations are consistent with this requirement. ;

441 x 107

(@ v=E/h= 6626 105 5" 6.6556 x 10 =6.66 x 101 5™
H X -5
=34 8
®) A=hcE= 6':2461" 11%_1911‘5 x 22BXIO M _ 420w 107 m = 450 nm
X x E
i

=34 8 -

() Egs=hop=5626x1077Js 2998 x10°m _ oo 107 - 4.90 x 107°)

405 x 10° m

Ex =E405 - Emin = 4.9049 x 10717 - 4.41 x 10-1% ] = 0.4949 x 10-" = 4.9 x 10-?]

(d) One electron is emitted per photon. Calculate the number of 405 nm photons m 4
1.00 pJ. The excess energy in each photon will become the kinetic energy of the e
electron; it cannot be “pooled” to emit additional electrons.
-6 - 5

1x107) x Iphotonw x Ie =204 x 10" electrons £

n 49049 x 107" ]  1photon

1.00 4 x

When applied to atoms, the notion of quantized energies means that only certai® i

energies can be gained or lost, only certain values of AE are allowed. The allowed
values of AE are represented by the lines in the emission spectra of excited atoms. ;

(@) According to Bohr theory, when hydrogen emits radiant energy, electrons 3fe '_
moving from a higher allowed energy state to a lower one. Since only cert2il' {8
energy states are allowed, only certain energy changes can occur. These allowed ¢
energy changes correspond (A = he/AE) to the wavelengths of the lines in the
emission spectrum of hydrogen. .

¥
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; 6 Electronic Structure of Atoms Solutions to Exercises

() Whena hydrogen atom changes from the ground state to an excited state, the
single electron moves further away from the nucleus, so the atom “expands.”

Analyze/Plan. An isolated electron is assigned an energy of zero; the closer the electron
comes to the nucleus, the more negative its energy. Thus, as an electron moves closer to
the nucleus, the energy of the electron decreases and the excess energy is emitted.
Conversely, as an electron moves further from the nucleus, the energy of the electron
increases and energy must be absorbed. Solve.

(a) As the principle quantum number decreases, the electron moves toward the
nucleus and energy is emitted.

(b} An increase in the radius of the orbit means the electron moves away from the
nucleus; energy is absorbed.

() An isolated electron is assigned an energy of zero. As the electron moves to the
n = 3 state closer to the H* nucleus, its energy becomes more negative (decreases)
and energy is emitted.

(a) Absorbed. () Emitted.  (c) Absorbed.
Analyze/Plan. Equation 65: E= (=218 x10-B])(1/n?).  Solve.
(8) Ep=-218x10"#]/(2)2=-545x10-1]
E, =-218x10""/(6)* = -6.0556 x 10-% = -0.606 x 10-°]
AE=E,; - E; = (-545 x 10~ J) - (-0.606 x 10-1%])
= 4844 x10"9] = -4.84 x 10-1*]

6626 x 107°¥ J.s 2998 x 10° m
4844 x 1071

(b)  The visible range is 400-700 nm, so this line is visible; the observed color is violet.

A=he¢/AE= =4.10 x 107 m=410nm

Check. We expect E; to be a more positive (or less negative)} than E,, and it is. AE
is negative, which indicates emission. The orders of magnitude make sense and
units are correct.

(@) E;=-218x10-18]/{1)2 =-2.18 x 10- 18]
E,=-218x10""%]/()2=0]
AE=E_-E,=0-(-218x10"8])= 218 x 10-*¥] /electron

218 x 1078 § . 6022 x 102 electrons 1M
electron mol 1000 ]

(b)  The result from (a) is 1.31 x 103 k]/mol =1, 310 kJ/mol. lonization energy
calculated from the Bohr model agrees with the experimental result to three

significant figures,

(a)  Only lines with n; = 2 represent AE values and wavelengths that lie in the visible
portion of the spectrum. Lines with n; = 1 have larger AE values and shorter
wavelengths that lie in the ultraviolet. Lines with n, > 2 have smaller AE values
and lie in the lower energy longer wavelength regions of the electromagnetic
spectrum.

=1.31 x 10° kJ/mol
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6 Electronic Structure of Atoms Solutions to Exercises

——

(b)  Analyze/Plan. Use Equation 6.7 to calculate AE, then A = he/AE. Solve.

n;=3,n;=2; AE=-218 x 1071 J[nlz-n—l-]pz.ls x 107 J (1/4-1/9)
f i

~34 8
l=thE=6'626xm J-5 x 2998 x 10® m/s

~ = =656 x 107 m
2.18 x 107 j (1/4-1/9)

This is the red line at 656 nm. ft
-3 8
n=4,n=2; A=ho/E= 8.626 x 10 J-_swx 2298 10 lWs=4.86 x 1077 m 93
-2.18 x 1078 J(1/4-1/16) <
| W
This is the blue-green line at 486 nm. . e
: e
-3¢ B Rt
ni=5n,=2 A=hgE= 6.626 x 107 J.s x 2.998 x 10 mls=4.34 < 107 m

~2.18 x 107 J (1/4-1/25)
This is the blue-violet line at 434 nun.,

Check. The calculated wavelengths correspond well to three lines in the H
emission spectrum in Figure 6.11, so the results are sensible.

6.40 (@)  Transitions with n, = 1 have larger AE values and shorter wavelengths than those
with n; = 2. These transitions will lie in the ultraviolet region.

=34 B
® n=2,n;=1 A=hgE=5626x107"] S 28 X W0TMSS o1 w107 m
-2.18 x 107® J(1/1-1/4)

-34 8
n=3,n=1 A=heE=2620%107"]-5 x 2.998 x 10° m/s

218 0 jan—ye) L0 x107m

~H 8
ni=d,n =1; l=th=6.626xlO J-5 x 2.998 x 10° m/s

218X 10F Jote) 072X 107 m

1x107% m
x_—...-._

6.41 (@ 93.8nm =938 x 10 m; thislineis in the ultraviolet region.

(b)  Analyze/Plan. Only lines with n; =1 have a large enough AE to lie in the
ultraviolet region (see Solutions 6.39 and 6.40). Solve Equation 6.7 for n;, recalling
that AE is negative for emission. Solve.

-he -18 1 1 he 1 .
—=-218 x 10 e el T . L S— o
A ) ] [n% nin M2.18 x 10718 ]) [ n? J 8
L he Y S he . O
ni | M218x107%)) [ n? M2.18 x 10718 ]) R
& ~1/2 i Ay 2

2 hc ] hc ! 8. T '-g
i =l | iy e s
A(2.18 x 10778]) M2.18 x 1078]) g
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-:‘;- 6 Electronic Structure of Atoms Solutions to Exercises
S Y

-1/2
] =6 (n values must be integers)

(16626 x 107 ]-s x 2998 x 10° m/s
. 938 x 10 m x 2.18 x 107 ]

n=6n=1
Check. From Solution 6,40, we know that n; > 4 for A = 93.8 nm. The calculated result is
close to 6, so the answer is reasonable.

-9
(a) 2626 nm x lil--l—ﬂ-—---“l=2.626 x 107%m; this lineisin the infrared.
nm
(b) Absorption lines with n; = 1 are in the ultraviolet and with n; = 2 are in the
visible. Thus, n; 2 3, but we do not know the exact value of n;. Calculate the

longest wavelength with n, = 3 (n; = 4). If this is less than 2626 nm, n, > 3.

6.626 x 107 J.s x 2.998 x 10° m/s
-2.18 x 1078 ] (1/16-1/9)

This wavelength is shorter than 2.626 x 10-¢ m, so n; > 3; try n; = 4 and solve for
n; as in Solution 6.41. Note that AE is positive because we are dealing with

=1875 x 10~ m

Az=he/E=

absorption.
-1/2 - 8 -1/2
1 he 6.626 x 107" J-5 x 2.998 x 10° m/s
== 18 =| /16— -6 18 =6
ny  A218x107°]) 2626 x 107 m x 2,18 x 107" ]
ng = 6, ny= 4

’

2
643  Analyze/Plan. L= O ;1) = lkg ;m
mv s

Change mass to kg and velocity to m/s in each case,  Solve.

S0km 1000 m l1hr 1 min

=13.89=14
6.626 x 107 kg-mz-s 1 1s 37
A= =56 x 10~
T3 “8kg  138m
lkg
10.0 =0.0100 k
(b) 8> Too0g B
ey 2
. kg-m? -
) 5626 x 10 ~ gm s, 1% o 265x10%m

()  Weneed to calculate the mass of a single Li atom in kg.

694gli kg Lmol =1.152 x 1072 =1.15 x 107 kg
ImolLi 1000g 6.022 x 10~ Li atoms

-3 2
), 6:626 x 10 2kg m?.s 1 o 1s5 23 %10 m
is 1152 x 107 kg 25x 10°m
(d} Calculate the mass of a single Oy molecule in kg.
B 18089, , kg 1 mol =7.971 x 10°%
B . 1molO;  1000g 6.022 x 10° O4 molecules
e
i =797 x 107% kg
h
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6 Electronic Structure of Atoms Solutions to Exercises

6.44

6.45

6.46

6.47

_6626x10 kg-m?.5 1 SRE
- 1s2 7.971 x 107% kg = 550m

=151x 107" m (15 pm)

A

A = h/mv; change mass to kg and velocity to m/s

mass of muon =206.8 x 9.1094 x 10 g x 1;;:13 =1.8838 x 10"% =1.88 x 10~% kg
g

_ 6626 x 10°* kg-m?.-s 1 1s

- x -5 — % — =397 x 107 m
1s 1.8838 x 107 kg~ B.85x10° m/s

A

=397 A

Analyze/Plan. Use v = h/m); change wavelength to meters and mass of neutron {back
inside cover) to kg. Solve.

1x10""m

1A

6.626 x 10 kg-m?2.s 1 1
A& ] b T T
Is 16749 x 107 kg 0955 x 1079 m

A=0955A x =0.955 x 107 m; m =1.6749 x 1077 kg

=414 x 10° m/s

Check. (6.6/1.6/1) x (10-#/10-7/10-9) = 4 x 10° m/s
m, =9.1094 x 10-¥ kg (back inside cover of text)

_6.626 x 107 kg-m? s 1 1s

- x —— x =—=813x 10" m
Is 9.1094 x 107 kg~ 8.95 x 10°m

A

813 x 107" m x -—-IAT=0.313A
1x10"m

Since atomic radii and interatomic distances are on the order of 1-5 A (Section 2.3), the
wavelength of this electron is comparable to the size of atoms.

Analyze/Plan. Use Ax > h/4n m Av, paying attention to appropriate units. Note that the
uncertainty in speed of the particle (Av) is important, rather than the speed itself.
Solve.

lg o 1 kg
1000mg 1000g

() m=150mg x =150 x 1076 kg; Av =0.01 m/s

_ 6.626 x 10 J s
4n(1.50 x 107° kg) (0.01 m/s)

2352 x107 =4x100% m

(b) m=1.673 x 107 g=1.673 x 107% kg; Av=0.01 x 10* m/s

6.626 x 107 J .5

2= — ——23x10""m
4n(1.673 x 107¥ kg) (0.01 x 10* m/s)

Check. The more massive particle in (a) has a much smaller uncertainty in position.
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 Electronic Structure of Atoms

Solutions to Exercises

—
Ax 2 = h/4mmAv; use masses in kg, Av inm/s.

6.48

@)

®)

©

6.626 x 107 ] .s

— ——=6x10"%m
47(9.109 x 107" kg) (0.01 x 10° m/s)

6.626 x 107 J.s

37 3 =3x10"m
4n(1.675 x 102 kg)(0.01 x 10° m/s)

For particles moving with the same uncertainty in velocity, the more massive
neutron has a much smaller uncertainty in position than the lighter electron. In
our model of the atom, we know where the massive particles in the nucleus are
located, but we cannot know the location of the electrons with any certainty, if
we know their speed.

Quantum Mechanics and Atomic Orbitals (sections 6.5 and 6.6)

6.49

(a)

(®)

©

(a)

(b)

The uncertainty principle states that there is a limit to how precisely we can
simultaneously know the position and momentum (related to energy) of an
electron. The Bohr model states that electrons move about the nucleus in
precisely circular orbits of known radius; each permitted orbit has an allowed
energy associated with it. Thus, according to the Bohr model, we can know the
exact distance of an electron from the nucleus and its energy. This violates the
uncertainty principle.

De Broglie stated that electrons demonstrate the properties of both particles and
waves, that each particle has a wave associated with it. A wave function is the
mathematical description of the matter wave of an electron.

Although we cannot predict the exact location of an electron in an allowed
energy state, we can determine the likelihood or probability of finding an
electron at a particular position {(or within a particular volume). This statistical
knowledge of electron location is called the probability density or electron density
and is a function of y?, the square of the wave function y.

The Bohr model states with 100% certainty that the electron in hydrogen can be
found 0.53 A from the nucleus. The quantum mechanical model, taking the wave
nature of the electron and the uncertainty principle into account, is a statistical
model that states the probability of finding the electron in certain regions around
the nucleus. While 0.53 A might be the radius with highest probability, that
probability would always be less than 100%.

The equations of classical physics predict the instantaneous position, direction of
motion, and speed of a macroscopic particle; they do not take quantum theory or
the wave nature of matter into account. For macroscopic particles, these are not
significant, but for microscopic particles like electrons, they are crucial.
Schridinger’s equation takes these important theories into account to produce a
statistical model of electron location given a specific energy.
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6.51

6.52

6.53

6.54

6.55

6.56

()

(@)
(b)
©

(@)

(b)

@)
()

@

Impossible: (a) 1p, only ! = 0 is possible forn = 1; {(d) 2d, forn=2,1=10r0, but not 2

——

The square of the wave function has the physical significance of an amplitude, oy
probability. The quantity y? at a given point in space is the probability of
locating the electron within a small volume element around that point at any
given instant. The total probability, that is, the sum of w? over all the Space
around the nucleus, must equal 1.

The possible values of lare (n-1)to0.n=4,1=3,2,1,0
The possible values of m, are -l to +.1=2,m, =-2,-1,0,1, 2

Since the value of my is less than or equal to the value of I, m; = 2 must have an .

value greater than or equal to 2. In terms of elements that have been observed,
the possibilities are 2, 3 and 4.

For n =3, there are three ! values (2, 1, 0) and nine m; values (I = 2;
m=-2,-10121=1,m,=-1,0,11=0,m, =0}.

For nn =5, there are five ! values (4, 3,2, 1, 0) and twenty-five m, values
(l=4,m;=-4to+4; 1=3,m, =-3t0+3;1=2,m;=-2t0+2;1=1,m,; =-1to +1;
1=0,=0).

In general, for each principal quantum number n there are  l-values and 2
m;-values. For each shell, there are n kinds of orbitals and n? total orbitals,

3pn=3,1=1 b) 2sn=21=0
4f:n=4,1=3 (d) 5d:n=5,1=2
2,11 2,1,0; 2,1, -1 (b) 52,2 521; 52,0 52,-1; 52 -2

n 1 my orbital

2 -1 2p (example)

1 0 0 Is

3 =3 2 not allowed (! < n and + only)
3 2 -2 3d

2 0 =1 not allowed (m; = ~I to +1)

0 0 0 not allowed (n = 0)

4 2 1 4d

5 3 0 5f
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The 1s and 2s orbitals of a hydrogen atom have the same overall spherical shape.
The 2s orbital has a larger radial extension and one node, while the 1s orbital has
continuous electron density. Since the 2s orbital is “larger,” there is greater
probability of finding an electron further from the nucleus in the 2s orbital.

A single 2p orbital is directional in that its electron density is concentrated along
one of the three Cartesian axes of the atom. The de 42 orbital has electron

density along both the x- and y-axes, while the p, orbital has density only along
the x-axis.

The average distance of an electron from the nucleus in a 3s orbital is greater than
for an electron in a 2s orbital. In general, for the same kind of orbital, the larger
the n value, the greater the average distance of an electron from the nucleus of
the atom.

1s < 2p < 3d < 4f < 6s. In the hydrogen atom, orbitals with the same n value are
degenerate and energy increases with increasing n value. Thus, the order of
increasing energy is given above.

In an s orbital, there are (1 - 1) nodes.

The 2p, orbital has one node {the yz plane passing through the nucleus of the
atom). The 3s orbital has two nodes.

Probability density, w?(r), is the probability of finding an electron at a single
point, r. The radial probability function, P(r), is the probability of finding an
electron at any point that is distance r from the nucleus. Figure 6.18 contains plots
of P(r) vs. r for 1s, 2s, and 3s orbitals. The most obvious features of these plots are
the radii of maximum probability for the three orbitals, and the number and
location of nodes for the three orbitals.

By comparing plots for the three orbitals, we see that as n increases, the number
of nodes increases and the radius of maximum probability (orbital size) increases.

25 = 2p < 3s < 4d < 5s. In the hydrogen atom, orbitals with the same r value are
degenerate and energy increases with increasing n value.
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Many-Electron Atoms and Electron Configurations (sections 6.7 - 6.9)

6.61 (@  In the hydrogen atom, orbitals with the same principle quantum number, 1, have
the same energy; they are degenerate.

(b) In a many-electron atom, for a given n-value, orbital energy increases with
increasing I-value:s<p<d <f.

6.62 (@) The electron with the greater average distance from the nucleus feels a smaller
attraction for the nucleus and is higher in energy. Thus the 3p is higher in energy
than 3s.

(b}  Because it has a larger n value, a 3s electron has a greater average distance from
the chlorine nucleus than a 2p electron. The 3s electron experiences a smaller
attraction for the nucleus and requires less energy to remove from the chlorine
atom.

6.63 (@) There are two main pieces of experimental evidence for electron “spin”: the
Stern-Gerlach experiment and line spectra of multi-electron atoms. The Stern-
Gerlach experiment shows that a beam of neutral Ag atoms passed through a
nonhomogeneous magnetic field is deflected equally in two directions. This
shows that atoms with a single unpaired electron interact differently with the
magnetic field and suggests that there are two and only two values for an atom’s
own magnetic field. Examination of the fine details of emission line-spectra of
multi-electron atoms reveals that each line is really a close pair of lines. Both
observations can be rationalized if electrons have the property of spin.

(b)  Note that 2 electrons in the same orbital have opposite spin; this is called spin-
pairing.
2s

©

6.64 (@)  The Pauli exclusion principle states that no two electrons can have the same four
quantum numbers,

(b)  An alternate statement of the Pauli exclusion principle is that a single orbital can
hold a maximum of two electrons. Thus, the Pauli principle limits the maximum
number of electrons in a main shell and its subshells, which determines when a
new row of the periodic table begins.
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Analyze/Plan. Each subshell has an I-value associated with it. For a particular l-value,
permissible m;-values are -/ to +I. Each m;-value represents an orbital, which can hold
two electrons.  Solve.

@ 6 ®) 10 © 2 d) 14
(@ 4 ®) 14 © 2 @ 2

(a) “Valence electrons” are those involved in chemical bonding. They are part (or
all) of the outer-shell electrons listed after core electrons in a condensed electron
configuration.

(b) "Core electrons” are inner shell electrons that have the electron configuration of
the nearest noble-gas element.

()  Each box represents an orbital.

(d)  Each half-arrow in an orbital diagram represents an electron. The direction of the
half-arrow represents electron spin.

Element {a) C {b} P (c) Ne
Electron Configuration [He]2s22p? [Ne]3s23p3 [He]2s22p¢
Core electrons 2 10 2
Valence electrons 4 5 8
Unpaired electrons 2 3 0

[The concept of “valence electrons” for noble gas elements is problematic, since they are
mostly unreactive. We could list the core for neon as [Ne], with no valence or unpaired
electrons.)

Analyze/Plan. Follow the logic in Sample Exercise 6.9. Solve.
(@) Cs: [Xe]es? (b) Ni: [Ar]4s23d?
(©)  Se:[Ar]d4s23d'4p*t (d) Cd:[Kr]bs24d"™

(€}  U:[Rnj5f°6d'7s%. (Note the U and several other £block elements have irregular
d- and f-electron orders.)

(fy  Pb: [Xe]6s4f"5d1%6p?

{a)  Mg: [Ne]3s?, 0 unpaired electrons

{(b)  Ge: [Ards?3d W4p?2, 2 unpaired electrons

() Br: [Ar}4s?3d'*4p®, 1 unpaired electron

(d)  V:[Ar]4s23d?, 3 unpaired electrons

(&)  Y:[Kr]5s24d", 1 unpaired electron

() Lu:[Xe]6s24f*5d?, 1 unpaired electron

(a)  Be, 0 unpaired electrons {b} O, 2 unpaired electrons

()  Cr, 6 unpaired electrons (d) Te, 2 unpaired electrons
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‘_____-.-‘ “.'
6.72 (8)  7A (halogens), 1 unpaired electron il

(b) 4B, 2 unpaired electrons

(c)  3A (row 4 and below), 1 unpaired electron

(d) the f-block elements Sm and Pu, 6 unpaired electrons

6.73 (@)  The fifth electron would fill the 2p subshell (same n-value as 2s) before the 3, & J,

(b) The Ne core has filled 2s and 2p subshells. Either the core is [He] or the Clter J
electron configuration should be 3s23p?,

()  The 3p subshell would fill before the 3d because it has the lower I-value and the ._-'H
same n-value. (If there were more electrons, 4s would also fill before 3d.) !

6.74 Count the total number of electrons to assign the element.
(a) N:[He]2s22p? () Se: [Ar]4s23d104p* (c) Rh: [Kr]5s24d7
Additional Exercises
6.75 (@) A,=16x10""m/45=356x10"=36x10"%m
Ag=16x10""m /2=80x10"5m
2.998 x 10° m 1 15 -1
=c/h vy = =84 x10
®)  v=e/h vy s 356x10°m o 00s
8
vg= ot R x ! =37 x 10" 57!
1s 8.0 x 10~ m
()  A:ultraviolet, B: ultraviolet
2.998 x 10° m 1 1nm "
i =¢fh= = 5.0900 x 10
7% @ wv=d s *589nm " 1x 107 m g
=5.09x10" 57!
3
®) E=hv=6626x 10" J.5 x 5.0900 x 10" 5~1 x $:0%2 x 107 photons
mol
x0.1mol =203 x 104 ] = 20.3 kJ
he  6.626 x 10 J.5 x2.998 x10° m/fs 1nm
E=hv=— =
© & Y A 589 nm * 1x107 m
=3.37 x 1077]

(d)  The 589 nm light emission is characteristic of Na*. If the pickle is soaked ina
different salt long enough to remove all Na*, the 589 nm light would not be
observed. Emission at a different wavelength, characteristic of the new salt,
would be observed.

6.77 (a) Elements that emit in the visible: Ba (blue), Ca (violet-blue), K (violet),

Na (yellow/orange). (The other wavelengths are in the ultraviolet.)
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6 Electronic Structure of Atoms Solutions to Exercises
/

(b) Au:shortest wavelength, highest energy
Na: longest wavelength, lowest energy

2.998 x 10® m/s N 1nm
6.59 x 10"/s 1x107%m

© A=cv= =455nm, Ba

All electromagnetic radiation travels at the same speed, 2998 x 10® m/s. Change miles
to meters and seconds to some appropriate unit of time.

1.6093km 1000 m 1s 1 min

6 mi = 66.7 mi
746 x 10" mi x — e X T * 7998 < 10° m €05 min
2.998 x 10° m/s Inm 14 -1
—efh= =937 x 104 5~
@ v=d 20n0m 1x107m xS
-3 7. 8 23
6 E=heie 6626 x 10™ ] -5 x 2998 x 10 mis 1K 6022 x 102 photons
320x 107" m 1000) mole
= 374 kJ/mol

()  UV-B photons have shorter wavelength and higher energy.

(d) Yes. The higher energy UV-B photons would be more likely to cause sunburn.

E = hc¢/A — ]/ photon; total energy = power x time; photons = total energy / ] / photon

_ 6626 x 10™ ] -5 x 2.998 x 10° m/s

E - =25468 x 1071% =2.55 x 107" J/photon
780 x 107 m
-3
010mwW =220210"T o min x 25 —04140=041]
1s 1 min
04140] x —PROON___ 1 626 x 10'® =16 x 10® photons

2.5468 x 1077 ]

(@)  If a plant appears orange, it absorbs the complementary (opposite) color on the
color wheel. The plant most strongly absorbs blue light in the range 430-490 nm.

6.626 x 107# J.5 . 2998 x 10° m 1nm

=437 x 1079
455 nm 1s *1x107m x 1077

® E=hci=

26 x 10712 E :
x177C _ le __ 1Pholon ;63 4 107 =1.6 x 107 photans/s
Ts 1602x107°C  le

E 6.626 x 107 J.s 2998 x 10° m Tnin 1.623 x 107 photon
=hefh= X x —— X
photon 630 nm 1s I1x107 m s

=51x 1072 J/s
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6.83

6.84

(@)
(b)

(©

()

(€)

(@)

(b)

(©

—

. 2.998 x 10° m 1 Inm

v=cfk x =4.4088 x 10" =4.41 x 10 g1
o s 680nm  1x10°m 8 s

Calculate ]/ photon using E = he/A; change to kJ/mol.

6.626 x 1073 J.g . 2998 x 10° m
S

photon =~ e 107 m =29213 x 10 =2.92 x 107?° yphomn_j

! =19 6. 23 '.
29213 x 1077 | y 022 x 10 photons y 1k] =175.92 =176 k}/mol .
photon mol 1000 ] i

Nothing, The incoming (incident) radiation does not transfer sufficient energy to
an electron to avercome the attractive forces holding the electron in the metal.

For frequencies greater than v,, any “extra” energy not needed to remove the
electron from the metal becomes the kinetic energy of the ejected electron. The
kinetic energy of the electron is directly proportional to this extra energy.

Yes. Let E,qy be the total energy of an incident photon, E,,;, be the minimum
energy required to eject an electron, and E, be the “extra” energy that becomes
the kinetic energy of the ejected electron.

Eual = Emin + Ey, Ex = E gy = Epin = hv = hv, Ey = h{v - v,)). The slope of the line
is the value of h, Planck's constant.

“blue” cone, A,,, =450 nm =450 x 10-? m

6626 x 10 J.s 2998 x 10° m

E=he/h=— g = = 441 x 1077

“green” cone, A, =450 nm = 450 x 10~ m

E=ho/d= e.gi: : :g:;""‘ti -s 2998 :5103 M 364 x 1077 ]

“red” cone, Ap,., =585 nm =585 x 109 m o

E = hefy, = 5626 103 .5 . 2998 x 10°m _ 340 x 107° ]

585 x 107 m is

4 4
"blue" scattering efficiency = (4—;6J ; "green" scattering efficiency = (—5-1—5]

4
1
[450nm)

4
T X (-54—5) = 215
1 450
545 nm

Mainly, the shorter wavelengths perceived by the “blue” cone are scattered more
efficiently, so there is more of the blue light to see. Also, the amplitude of the
absorption curve for the “blue” cone is greater than the amplitudes of the other
two curves. This indicates that our eyes are more sensitive to blue light than the

ratio of "blue” to "green"=
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other wavelengths. (It is also true that the intensities of the different wavelengths
reaching Earth are not the same, but this information is not conveyed in the
exercise,)

Lines with ny = 1 lie in the ultraviolet {(see Solution 6.40) and with n; = 2 lie in the
visible (see Sclution 6.39). Lines with n; = 3 will have smaller AE and longer
wavelengths and lie in the infrared.

Use Equation 6.7 to calculate AE, then A = he/AE.

n =4,n;=3;AE=-218 x 107 J[-l-—-l—] =-2.18 x 107 J (1/9-1/16)
ny o

6.626 x 1073 J.s x 2998 x 10° m/s

- S =187 x 10 m
2.18 x 107" (1/9-1/16)

A=he/E=

6.626 x 107 ]_s x 2,998 x 10° m/s

— e =128 x 10 m
2.18 x 107°(1/9-1/25)

n=5n=3%A=hc/E=

6.626 x 107 ] -5 x 2.998 x 10® m/s

— =T =109 x 10 m
2.18 x 107 (1/9-1/36)

nj=6,n;=3A=hc/E=

These three wavelengths are all greater than 1 um or 1 x 10-% m. They are in the
infrared, close to the visible edge (0.7 x 10-% m).

Gaseous atoms of various elements in the sun’s atmosphere typically have
ground state electron configurations. When these atoms are exposed to radiation
from the sun, the electrons change from the ground state to one of several
allowed excited states. Atoms absorb the wavelengths of light which correspond
to these allowed energy changes. All other wavelengths of solar radiation pass
through the atmosphere unchanged. Thus, the dark lines are the wavelengths
that correspond to allowed energy changes in atoms of the solar atmosphere. The
continuous background is all other wavelengths of solar radiation.

The scientist should record the absorption spectrum of pure neon or other
elements of interest. The Fraunhofer lines that belong to a particular element will
appear at the same wavelength as the lines in the absorption spectrum of that
element. -

He* is hydrogen-like because it is a one-electron particle. An He atom has two
electrons. The Bohr model is based on the interaction of a single electron with the
nucleus, but does not accurately account for additional interactions when two or
more electrons are present.

Divide each energy by the smallest value to find the integer relationship.
H: -218x10-"%/-218x10-"8=1; Z=1
He*:-8.72x10-8/-218x10-8=4; Z=2
Li?*: =196 x10-7/-218 x10-18=9; Z=3

The ground-state energies are in the ratio of 1:4:9, which is also the ratio Z?, the
square of the nuclear charge for each particle,

159






