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R FOREWORD

“The seventh ed1t1on of Prmczples of Modern Chemistry, by Dav1d W Oxtoby, H. P GllllS, and- Alan’
Campion presents a thorough introduction to university-level chemistry organized in six units:

1. Chapters 1 and 2 are mtroductory They cover the c13551ﬁcat10n of matter, evrdence for the existence
- of atoms, the classical laws of chemical combination, the nuclear atom, the mole concept, emplrlcal and
" molecular formulas, the wr1t1ng of chemical equations and mass relat1onsh1ps in chemical reactions;

2. 'Chapters 3 through 8 give the classical description of chemrcal bonding and go on to outline current
quantum-mechanics-based understanding of ionic and ‘molecular bonding and molecular structure. The
* unit then apphes these 1deas to bondmg in organic and in 1norgan1c compounds B

3 ‘Chapters 9 through 11 cover kmetrc—molecular theory as.it explams the different states of matter;

U4, Chapters 12 through 17 cover thermodynamrcs and chemical equ1hbr1um mcludmg acrd—base equrhbna, :
dissolution and precipitation equilibria, and electrochemrstry, ’

5. 'Chapters 18 through 20 concern the rates of chemlcal and physmal processes, nuclear chem1stry, and.
- molecular spectroscopy, : : :

6._ Chapters 21 through 23 treat the sohd state and 1norgamc and orgamc polymerrc materials.

1

- All 23 chapters include extensive problem sets. The problems are of dlfferent types. Flrst come palred
, \~problems Members of a pairs treat the same concepts. Then come unpaired problems in two categories:
""'Addztwnal Problems-and Cumulative ‘Problems. Additional Problems provide further applications of the
principles developed in the chapter. Cumulatwe Problems mtegrate materlal from the’ chapter w1th toprcs
‘ that appeared earher in the book , - :

This Manual grves solutions for every odd—numbered problem in the text. Solutions for. the
even-numbered problems appear in the “Instructor’s Manual " .which'is available to instructors from the
publisher. -

. How to Study Usmg thls Manual. Success in a serious chem1stry course requires the solvxng of
: problems, which are universally used to illustrate concepts and to test understanding. Obtain and learn
to use a scientific calculator (one that” accepts scientific notatlon, and computes trigonometric functions,
logarithms, powers, and roots). Read the chapter. Then try some of the odd-numbered problems, devoting
five to twenty minutes to an earnest attempt on each selected problem. The paired problems in each-chapter
. of the text are organized according to. ‘the section headmgs in that chapter. Go back to the indicated section
. in'the text or to the list of Key Fquations at the end of the chapter and write down equations and definitions
- in a notebook as you grapple with the problem. Write your notes toward a solutlon in the same notebook. -

. If you obtain an answer, check it against text Appendix G which gives very brief answers to most of the ~

- odd-numbered, paired problems. If your answer is wrong or you cannot arrive at an answer, turn to the
detailed solutions in this Manual for help. Just reading the solution in the Manual is not enough Study the
"solution and try again to work the problem independently. ‘ -
After completing several odd-numbered problems, take a rest. Later, go back and try the related even- ‘
'numbered problems. The idea is to check and confirm’ your grasp of the material. ‘
} The next step is to move on to the Additional Problems and Cumulative Problems. These problems :
‘combine the concepts covered in the chapter in novel and sometimes challenging ways. If the palred problems
are like a quiz, then the additional problems are like an examination. Select several problems in these groups.
- Try to’solve them in writing in your notebook, referrmg freely to your notes and to the text. Use the lists of
‘ Concepts and Skills provided at the end of each chapter explicitly to 1dent1fy exactly the ideas and techniques
" that are required to deal with the problem Later, check your results on the odd-numbered problem agamst
the solutions in this Manual. : :
~ The large number of problems in the text makes it unhkely that any one student w1ll 1ndependently ﬁgure ,
" out solutions to them all. Do not however ignore unassngned or apparently duplxcatwe problems. Instead
read and study all of the solutrons glven in thlS Manual to conﬁrm your understandmg N
©2012 Cengage Learning. All Rights Réserv_ed. May not be scanned, copied or duplieated, or’poste‘d toa publicly acceSsible‘website, in.\'vholc or in part,



vi o
About Detailed Solutjons. Nearly all of the solutions i in this Manual contain much more than stt the
“answers. They include analysis of the chemical issues raised by the problem and references to tables, figures
and equations in the text that ‘furnish requlred data -or that are needed in ﬁgurlng out the answer. They .

_ also include step-by—step numencal deta.lls, suggest alternatlve methods of attack and pomt out common
“pitfalls. : -

Tip. This heading indicates commentary on'the problem or the method of soutlon or related mformatlon
of interest and possible assistance. : '

The actual answers .to questlons appear in M whenever approprlate to make ‘them easier to spot

-

Querles Send querles about solutlons to the problems and report’ dlﬁicultxes in usmg thxs Manual
dlrectly to the author via Internet. The address is "WFreemanQuic, edu '

' Wade A ".Freeman .
v~‘April? 2011

\
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Chapter 1

'VThe Atom 1n Modern Chemlstry

Macroscoplc Methods for Clas51fy1ng Matter

1 1  Table salt consxsts of sodlum chloride plus’ addltlves, the addxtlves make it a heterogeneous mlxture
Sodium chloride however i is a substance (a compound NaCl). Wood is a heterogeneous mixture; air.
(absent dust, ‘pollen or fog) is a homogeneous mixture of several gases. Mercury is a substance (in

fact, it is an elemental substance), and water is-a substance (a compound, H;0), but séawater is a
homogeneous mixture of many compounds. Mayonnalse isa heterogeneous mlxture (of egg and 011

. which are themselves also mixtures).

1.3 The chemist is writing about M Mxxtures of substances can be separated (resolved) 1nto

'

the individual components (elements and/or compounds) by phys1ca1 means.

Indlrect vadence for the Existence of Atoms Laws of Chemical Combmatxon

1.5 . According to the law of definite proportlons (text page 11), a compound such as ascorbic acid has the
A same chemical composition regardless of source (as long as it is pure) Therefore, the ratio of carbon

to oxygen in the sample isolated from lemons must equal the ratio-in the sample synthesized in the -
Taboratory. The laboratory sample: contains 40.00 g of O for every 30 00 g of C. The mass of oxygen

‘in the sample 1solated from lemons i is accordmgly

mo_xygen = (

4000g0
30.00 g C

Tlp. Notlce the cancellatlon of. the unit “g .

B 17 " a) 100.00 g of compound 1 contams 66.72 g of Si. and 33 28 g of N .The desned quantltxes are Just

“the ratlo of these two masses.

" 66. 72ng

2.005gSi &

g compound 1 3. 28gN

b) To test the law of multlple proportmns, compare the masses of Si assocxated with 1. 000 g of N in

1;000gN

[

: "cor"npound 2

) 12.7gC'=

60.06 g Si ';

1.504gSi

39.94 g N~

1‘.000g N

' the two compounds The way to compare these two quantltles is to form thelr ratlo :

‘ According to the law of multiple proportlons, this ratio should. equal a ratlo of small whole numbers
 Recognizing that 1.333 = 4/3 (to four sxgmﬁcant ﬁgures) confirms that the law of multlple proportlons

apphes in thls case.

) :_ © 2012 Cengage Leaming. All Rights Reserved. May not be scam‘xed, copied or duplicated, or posted to a publicly accessi_ble \.avebsite. in whole or in part.
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2 o R Solutions Manual TO ACCOMPANY Pm‘nciples‘of Modern Chemistry," 7th E‘dition.

-Compound 1 -has more S1 per gram of N than compound 2; it is r1cher in Sl by the factor 4/3 To
" obtain the formula of compound 1, take the formula of compound 2 (given as Si3N4) and multiply the .

subscript on the Si by this “rlchness factor.” The result is Si4Ny. When rewritten using the smallest
_ possible whole-number subscripts, SigN4 becomes “Si;N;”. Subscripts equal to 1 are customarily
~ omitted in chemical formula.s, so the answer is Integral multlples (such as 812N2, Sr3N3) are .

also correct. ’

Tip. Learn the dec1mal equrvalents of small whole—number ratios such as 2/ 3,3/4,4/5, 5/ 8.

1.9 - The problem asks for the relative number of atoms of oxygen combined with a given mass.of vanadlum :
Co in four compounds “Relative” means “take a'ratio,” that is, divide. The first compound contams
23.90 g of O for every 76. 10 g of V Take a ratio of these two masses,

. 239050 03141 ¢ O o
- | . 1
RO S ®10gV T T 1gV for empd

Compute sxmxlar ratlos for the second, thlrd and fourth compounds in the table

O4710g0 : : 06281g0 07851g0
—_— for cmpd 2 _—

1gV ' gV’ TgV .forcmpd4

for cmpd 3 -

" The increasing size of the ratios indicates an increasing proport1on of oxygen moving down the series 4
" of compounds from 1 to 4 Next compare the ratios. For example divide the second by the first
471 T
0.47 OgO/gV —1.500
‘ 03141g0/gV ‘ . 7
This means that the second compound is 1.500 times richer in oxygen than the ﬁrst Compare the :
third and fourth compounds to the first in the same way '
> o 06281g0/gV_-éOOO 07851g0/gV
" T 03141g0/ v RS 03141g0/gV

2.500‘

.

“The precedlng rat1os hold for any mass of vanadium (note that the units cancelled out) The relatlve -

* numbers of atoms of oxygen for any given mass of vanadlum in these four compounds are therefore
- 1to 13 to 2 to 23. This 1sthesameas|2t03to4t05|

1.11 ° a) The law of combmmg volumes states that at constant temperature and pressure the volumes of

° gases combining to form a substance are in the ratio of small whole numbers The problem describes .

" the reverse of combmatlon, namely the breakdown of a compourid into two gases. Still, a law of un-

. combining volumes clearly must apply. Also, it is reasonable to assume that conditions of temperature -

" and pressure are the same at the two electrodes. Therefore, the ratio of the number. of particles of
gaseous hydrogen to the number of particles of gaseous oxygen equals the ratio of the volume of
gaseous hydrogen to the volume of gaseous oxygen. This ratio equals. 14.4 mL/14.4 mL or 1.00 : 1.00.

The particles of gaseous hydrogen (Ha molecules) contain the same number of hydrogen atoms as the -

_particles of gaseous oxygen (02 molecules) contam oxygen atoms. Therefore, the s1mplest chem1cal

‘formula is H,0,, or

b) All formulas in whlch H and O have equal subscrlpts are also correct ‘because the experrment

- reveals-only the relative numbers of -atoms of the two elements. Complete decomposition of any -
compound having a formula of the type H,O,, gives gaseous Hy and.gaseous O, inthe same 1 : 1
ratio of volumes (as long as the volumes are measured at the same temperature and pressure).

1.13 From the mentlon of “pure nitrogen dioxide”, it is clear that the reaction between the dinitrogen oxide’
- (N20) 'and oxygen (02) generates nitrogen dioxide (NO,) exclusively and also goes to completion
(does not stop as long as both reactants are avarlable) According to the law of combining volumes,

the volumes of gases_ taking part in this reaction are in the ratio of small whole numbers. These small .

l‘ '
. N ' L ) i ’ N ) ) Lo ~
© 2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.
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. Chapter 1- The Atom in Modern _Chernistry : ' 8

* whole numbers are just the ratios obtamed by balancmg the chemical equatlon that represents the

reactxon
2N20 + 302 g 4N02

' Thus 20LongO]and|3OLong react to form 4.0 L of NO,.

. T1p In this reaction, 2.0 L of one gas corhbines with 3.0 L of a second gas to give 4.0 L of a third
-gas. Clearly; no “principle of conservation of volume ex1sts

The Physical Structure of Atoms »

1.15

1.17

- '1.19

- 1.21

+ The relative atom1c mass_of naturally-occurrmg Siis the wezghted mean (weighted average) of the

relative atomic masses of the three isotopes listed. What does it mean to weight an average? The

un-weighted mean of the relative'masses of the 'three isotopes would be

un-welghted mean = —(27 97693) + = (28 97649) 3 (29.97376) R

'

.Welghtlng corresponds to replacmg the 3's-in this. expression with values telhng each 1sotope s true:

contribution to the total. These values are the abundances. Fractional abundances (which add up to
exactly 1. OO) rather than percent abundances (Whlch add up to 100.0) must be used . -

Welghted mean = ﬁ(w 97693) + 300 G (28. 97649) + 15000 309 o006 2 97376) -[28.086

The relat1ve atomic mass of natural boron is the welghted mean of the relatrve masses of the two
1sotopes K ‘ : ‘ '

Aboron —~A1°B me + A“B pup.

where the A’s represent relative atomic masses and the p s represent fractlonal abundances With _
one exceptlon all of the quantltxes in this equat1on are known ’ : ’

N

10.811 = (1_0.013)(0.1961) '-I-A11B(0.’8039)1 Solving gives' ‘ Alrg_'= 11.01(

~

a) The atomic number Z of Pu equals 4. Hence, an atom of Pu has 94 protons in its nucleus. An
atom of 239py has a mass number A of 239, that is, a total of 239 protons and neutrons in its nucleus.

 Since the neutron number N equals A- Z the atom has 145 neutrons The requested ratio is 145/ 94,

which equals o L - : S o

.. b) The Pu atom is electrlcally neutral. This means that its extranuclear electrons contrlbute sufﬁc1ent -

negative charge exactly to'balance the positive charge of the 94 protons in its nucleus. The charge

“on the electron equals the charge on the proton in magmtude so & Pu atom has |94 electrons

The atomic number of americium is 95; americium has 95 protons| in its nucleus In the neutral
atom there are also exactly | 95 electrons because the negative charge of the electrons balances the

positive charge of the protons. Of the 241 nucleons, those that are not protons are neutrons. There
are accordingly | 146 neutrons |. . o o .

ADDITIONAL PROBLEMS _ S

1.23

17.2+150.1 +22.43 = 189.T kg |

a) Soft-wood chips: wood is a of many substances Water H2O isa Sodlum _

" hydroxide: NaOH is'a

b) Because the iron vessel was sealed, nothing was able to enter or escape,- 1nclud1ng gases. Therefore,
exactly the original mass remains con_tamed in the vessel—no more, no less.” The total mass is

1

©2012 Cmgage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posled to a publicly accessible website, in whole of in part.
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- The dens1ty of the 1od1ne nucleus then is -

an
'

Solutions ManuaIAT'orACCOAMVPANY Pr'inciples _of Modem'.Chemistry; 7th~Edi’tion

The densxty of the nucleus of 1271 equals its mass divided by ‘its volume ‘The problem glves the
nuclear mass explicitly and provides a route to the nuclear volume. Start with the formula for the

‘volume of a sphere in terms of its radius.r and substltute w1th the formula for the radlus of a nucleus _ L

in terms of the mass number A ‘
: Vu-q=§7rr ——1r(l<:A3)3 k3A ' L - C o - -

= —71'(1 3 x 10—13 cm)3(127) = 1 17 X 10-36 m®

/

.Mazrp. 2 1x 10_22
- P Vo T 17 X 10-35 cm®

—|18><1014gcm

T Th1s is brlhons of trmes more dense than sohd 1od1ne' _
11.27. :

Dalton S postulates were: . L . .
1. Matter conszsts of indivisible atoms Chemlsts now know that atoms are not md1v1s1ble, but can .’

lose one or more, (or all) of their electrons to give species (1ons) having chemical properties quite . .

" different from the properties of the neutral atoms. Moreover, some elements (such as uranium and

‘radium) are radioactive: the nucle1 of their atoms spontaneously emit or absorb subatomlc partlcles,

o a process that- results in new, chemrcally distinct, atoms.

2. All atoms of a given chemical element are identical in mass and in all other propertzes The

- existence of isotopes is in direct contradiction to this postulate Different atoms of the same chemical

_element can have different masses. In fact, the majority of the elements have two or more naturally

occurring 1sotopes Isotopes have virtually identical chemlcal propert1es, but 1sotope effects, such as .

- changes in the rates of reactions, have been observed : . : ’
8. Different chemical elements have’ different kinds of atoms, and in partzcular, such atoms have

different masses. This statement (so far) needs no modlﬁcatlon or extens1on

4. Atoms are indestructible and retain their zdentzty in chemzcal reactwns Atoms are not 1ndestruc- :
tible under ‘all circumstances. They can be split apart-(or fused together) at the nuclear level to give

“new kinds of atoms in particle accelerators No 1nstances of atoms changmg therr 1dent1ty in chemlcal_
 reactions are however known. : : r . S

5. The formatzon of a compound from 1ts elements occurs through combznzng atoms of unlike elements

in small whole-number ratios. Certain solid compounds have compositions that vary within a range.
They are non-stoichiometric compounds ! The law of deﬁmte proportlons is str1ctly true for gaseous .

and llquld compounds but not for solid compounds
: {

1See text Section 21.4." -
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C_hapter 2

\ :Chemlcal Foi'mulas, Chemleal

Equatlons, and Reactlon Ylelds

2.1

- 23

o " The Mole. Weighing and Cohnting Molecules

Use Avogadro s number (the Avogadro constant) as follows

12600447 g Tmoll .~ -\ —
\ Matom = llato < Tmol T ) (6 0221418 x 10 atom I> \ 21072979 x 107, £

Tlp The precedlng is equlvalent to . .
' 126.90447 g mol~?
6 0221418 X 1023 atom mol—!

mlatom =11 atom =2 1072979 X 10-22

-Also, the known mass of a smgle atom of’ 12C (computed in text Sect:on 2. 1) can be used together_
"~ with the relatlve atomlc masses of 12C and I , : :

126 90447
12.000000

_j=2.107297'9><io-22 - S

1%6. 90447)

_ -23 —_—
) 1. 9926465 x 107" g (12 000000

. mlat‘om‘ =. M12C atom <

4

, Use the relatlve atomlc masses from the inside back cover of the text
. a) P4Oy0: 4(30.974) + 10(15. 999) =|283.886 |. ~

- b) BrCl: 79.904 + 35.453 = [115:357] o

c) Ca(NO3)y: 40.08 + 2(14 01 + 3(16. 00)) =

d) KMnOy: 39.098 +54.938 + 4(15.999) = | - |
©) (NHy);504: (14 007 + 4(1. 0079)) + 32.066 + 4(15 999) . -

. Set up the computatxon as a strlng of umt-factors

m —-SG I"x365dv 24'hY (3600 s latomAu " 1mol Au’ '197‘g-At1 .
AT Ty \1d ) \Tth “1s )'\6.022 x 10 atom Au/ \1.00 mol Au,/ .

=[83x107% g Au] -

. Advanced rtucrobalances can detect as little as about 10‘ g Even after a hfetlme of countmg, the :
. Mass of the counted atoms remalns far too small to detect ‘

.". . 5
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2.9

o211

i

Chemlcal Formula and Percentage Comp051t10n

©2.13

Solutions Manual TO ACCOMPANY Pm'nciples 'of Modern Chem_istry, 7th Edition -~

Accordmg to the formula 51 atoms of all klnds are: contamed in a smgle molecule of vitamin A. Use
thlS ‘with a series of umt factors to find out how many atoms there are in 1.000 mol of vitamin A

‘ N@toms = 1:000 mol vit AX (NA mOIecules) ( 51 atoms

1 mol vit A ) = 51 00 NA atoms

1 molecule

‘ ' Now compute the amount (1n moles) of v1tamm A2 that contams thxs number of atoms

‘ 1 molecule A, 1 mol A, : .
A 5 00 A atoms X ( 49 atoms ) (N A molecules) 1 1.041 mol As .

Tip. The Np’s cancel out. The numencal value of AvOgadro s number is not needed to complete the
problem, just the concept that such a number exists.

'iThe volume of a “flask” of mercury equals the volume per unit mass of mercury multlphed by the
-mass of mercury' contained in a flask. The Volume per umt mass is the rec1procal of the density (the ..
k dens1ty divided 1nto one) : .

1 cm? Hg’ (1L e L
Vi 3 —
“““‘345’(10 (136gHg> (-1000c 3)_— 2.'54L -

" Use unit-factors to progress from volume of Al,O3 to'the number of atoms of Al. The correct answer
L must be on'the order of 1023 atoms because the amount of. corundum is on the ordinary human scale =

L ‘ 3.97 g'A1203 1 mol A1203 N\
- Nu=150 cm’ A1203 (1 cm3 Al,O; ) \101,96 g Al,O3 /) -
N 6.022 x 1023 Al,O3 units 2 atoms Al
'1,mol A1203’ 1 A1203 unit

Tlp Umt factors can be “ﬁlpped over” (numerator and denommator exchanged) at will.. To make
~ progress with & chain of unit- factors, arrange each one so the desired unit is in the top (numerator) "
and the unit to.be canceled away is in the bottom. (denommator) Note the rather creative last

unit-factor i in the preceding equation.

v

“The mass percentage 'of an element in-any compound is the mass contrlbuted by that element to some’
“sample of the compound divided by the mass of the sample and’ then multiplied by 100%. Suppose

that you have a sample of CIF;0,PtFg amounting to exactly 1 mol. This is 414.52 g of the compound,

a value that is obtained by multiplying the molar masses of ‘the varlous elements in the formula by
‘their subscripts in the formula and adding the results (as in problem 2.3).- Now, set up and carry g

out the followmg computations » ‘ _
. 1molCl »3545‘3;501 —_—
0 for Ct 41452 g compound Tmol I 190% = $'553% aj

| for F, SmolF 18998 gF g0 3667% F| -

' 414. 52 g compound 1 mol F

. N 1
forO 2molO  1599g0 100%— 7.720% O

414 52 g compound 1 mol O
- % 1mol Pt ©195.08 g Pt -
<for Pt' 41452 g compound 1'mol Pt~ 100% a 47 06% Pt

Although Pt ties with Cl as the least prevalent element in the compound on the basm of number of
‘atoms, it 1s by far the most prevalent on the basxs of ma.ss
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>.';|7.03 X 1025 atoms AII _‘ . :

. .

/



.. 215

- C’hapterIZ Chemical Formulas, Chemical Equations, and Reaction Yields . ' - " 7

)

Tip. The repetition of F in the formula CIF202PtFg-means that the compound contains F in dlfferent
chemical settings (some bonded to Pt and the rest bonded to Cl, perhaps). This does not matter in
obtaining mass percentages, so it was all right to replace the formula ClIF202PtFs with CngOth

The task is to arrange four compounds in increasing order of their percentage of hydrogen by mass.

- The mass percentage of H in each compound can be calculated,! and the resulting numbers used to

get the required order. The results are 11. 19% for H20 15.38% for 012H26, 9.742% for N4H6, and
12.68% for LiH, Therefore

N4H6 < H20 < LiH < C12H26|

© Tip. A (shghtly) easier method is to settle for estimates of the mass percentage of H. Get the:

Czar

2.19

. Multiply by 100% to obtain the de51red percentage 0. 225% by mass.

estimates by adding up the masses of the non-H ‘atoms and dividing by the number of H’s. ‘Exact
arithmetic is not necessary. Thus, C12H26 has 144/26 = 6 units of non-H mass per hydrogen atom,
but LiH has 7.9/1 = 7.9, H20 has 16/2 =~ 8, and N4Hg has 56/6 ~.9. The compound that has the
least amount of non-H mass per hydrogen atom is the rlchest in hydrogen '

_ Calculate the fraction (not percentage) by. mass of hydrogen (H) in the compound C4H10 (butane) ,

-~ by the method of problem 2.13 and multiply the result by 0.0130, the fraction of butane in “Q- gas”.. -
This fraction-of-a-fraction method works because hehum the other component of Q- -gas, contains no

K hydrogen ‘ : . :

fa=(: 10X (1.008)gH Y 0.0130 g butane _ 0.00225:g H . ‘
H™\ @ x 12.011) + (10 x 1.008) g butane 1gQgas | . 1gQgas

'

The. emp1r1cal formula of zinc phosphate is the smallest whole-number ratio of the number of atoms
of the different kinds (or of moles of atoms of the different kinds) in the compound. Calculate the

- number of moles of the three elements from the given masses

lmolO
5599 g 0
1 mol P
3097g O

'no = 16..58 x 1073 g o X ( ) 1.036 x 1072 mol O

np_802x10-3gP ( ):2.59x1074m01'1?

1'mol Zn ARSI '
=254 1-3 Zn x| oe———— . -4
nzrl 540x 107" g (65409 Z ) 3883x10 molZn

. 1 .
- . - 7

’ D1v1de through all of the results by the smallest which is np. Domg thls allows an easy comparlson ’

T of the relatlve number of moles of each

no  1036x10%mol - ongzy 3.883x10~%mol ‘nl;‘ 9,56 x 10~ miol -

S omp | 259x 107 *mol - 7{;“ 250 % 10*4 mol ".1f50,.j np 250 x 10~% mol =100
The' three elements are present in the molar ratio 4 1. 5 : Thrs corresponds to the formula

2.21

O4Zn; 5P;. The preferred format of chemical formulas av01ds fract1onal subscr1pts To meet thls ’
preference, sxmply clear the fractxons by multiplying all subscnpts by 2. The result is

Tlp The formula of zinc phosphate is customanly written Zn3(PO4)2 to suggest the Way that the B

atoms are bonded.

‘The percentages of Fe and Si determmed by analys1s of the smgle crystalhne gram in the fulgurlte are '

correct for any amount of the compound Compute the number of moles of Fe and Sl in an arbltrary

1As in problem 2. 13
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11000 g sample _ . E . .
" ’ 46.01 g Fe - 1 mol Fe L o

= 100.0 g compound X <100 z compound) (55.845 z Fe) = 0.82391 mol .Fe

53.99 g Si 1 mol Si

100 g compound 28.086 g Si
D1V1dmg L. 922 mol by 0. 8239 mol glves the ratio of the number of moles of Sl to the number of moles
of Fe. It is 2.333: 1. Thls is expressed by the formula FeSis 333. Multlplymg both subscrlpts by 3 to
eliminate fractions gives the empirical formula

= 100 Og compound X ( ) = 1.922 mol Si -

Tip. It is 1nstruct1ve to conﬁrm that the answer 1s the same usmg some other arbltrary mass of '
compound ' .

_Tip. The wrong answer FeSis is falrly common. It comes from reckless roundmg off 2 333 differs a . N
“lot from 2.00.. S . '
2.23 Consider the two cases separately 100. 000 g of the first compound contains 90.745 g of Ba and by :
T subtractlon, 9.255 g of N The numbers of moles of the two elements are - :
1 mol Ba
137.33°g Ba
1mol N
14.007 g N

“The Ba and N are present in equal numbers of moles, that i Is,. in a 1: 1 molar ratio.’ The empmcal
formula is '

For the second compound 100.000 g of it contains 93.634 g of Ba and, by subtractlon, 6.366 g of N.
-Do the same kmd of calculatlon

v

NBa = 90.745 g Ba x ( ) = 0.66078 mol Ba

nN—9255gN ( ):0.6607molN' - Co

. R .1 mol Ba ‘ T |
NBa = 93.634 g Ba x (———137;33 p Ba) = (.68182 mol. Ba B a
o § - ‘1'mol N ° , TR S ' ‘
| nn=6.366 g N x (—14 007 N) —.0.4545 mol N _ , |

D1v1d1ng both of these numbers of moles by the smaller estabhshes that the. Ba and N are present in
a.1.500 : 1 molar ratio. Accordmgly, the empirical formula is

2 25 a) Burmng the compound in oxygen glves 0.692 g of H,O and 3. 381 g of COs. Determme the masses -
T of elemental H and C in these amounts of HgO and 002 . .

, " 2016gH C
. 2 H —_— 2 . v .
‘mH—069 g 20 x 18015gH20 00774gH R
1201 g C D
—_— 1 . '
mc—338 gCOz —4401gC:2‘ 09226gC ,

'b) The mass of C in the CO2 and the mass of H in the HgO add up to 1 000 g The compound
therefore contains |no other elements | ' ‘ ‘ .

.c) The compound is I 7.74% H I and | 92. 26% C l by mass. - v ‘
d) To determine the emp1r1cal formula of the compound convert the masses of C and H in the sample :
- to numbers of moles and determine thelr ratio

1 mol H
1.008 g H

S {  1molC
nc=09226g C x (m

i =00774 g H x ( ) = 0.07_68 mol H

’ 14 c. - ]
) =0.07681 mol C
N4 : l
.
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2.27

' 2.29

The C and H are present in a 0.07681/0.0768 molar ratlo Wthh isal. 00/ 1.00 molar ratlo The
empirical formula is therefore m :

The 1-L sample of fluorocarbon has a mass-of 8.93 g, but the 1-L sample of ﬂuorlne has a mass of only.
1.70 g under the same conditions of temperature and pressure. It follows by Avogadro’s pr1nc1p1e_
(dlscussed in-text Chapter 1) that the molecules of the fluorocarbon are 8.93/1.70 times more massive
than those of fluorine (F3). The relative molecular mass of F3 equals 38.0. Therefore

.

' Relative molecular mass of ‘ﬁuorocarbon =38.0 x <-§—2g) = 200." o

A relative molecular mass of 200 requrres four CF2 umts (each of which contr1butes a relative mass
" of 12 +2-19= 50) Hence the molecular formula of the fluorocarbon is (CF2)4, or

a) Imagine 1-L samples of the unknown gaseous compound and of gaseous oxygen stored Slde-by-Slde'
at-the same pressure and temperature. The mass of the unknown exceeds the :mass of the Oz by a
factor of 1.94. The sample of unknown is confined at the same temperature and pressure as the Oa, so
it contains the same number of molecules as the sample of the O, (Avogadro’s principle). Therefore,
the mass of each molecule in the unknown sample must be 1.94 times larger than the mass of an Oy
molecule.- An O, molecule has a relative molecular mass of 32. 0 the relative molecular mass of the

o unknown is 1.94 X 320 =

b) The unknown compound consists of hydrogen (H) and one other element. Burmng 1.39 g of it
in oxygen glves 1.21 g of water. This water contains all of the H that was present in the unknown [
before it was burned Compute the number of moles of H in th1s water :

‘nH=1.2lgH20X <‘1molH20 )( 2 mol H

= 0.1343 mol H
\ 18.0153 g H,O / \ 1 ihol HQO_) 013 3 mo

Now figure out the number of moles of the unknown in the 1.39 g"sample that was burned 1

L ‘ "/ 1 mol unknown ° . .
unknown = 1 ' k - = u. 2 4
, Munk = 1.39 g un nown X (62.08 z unknown‘) j 0.022 »mol ‘

Compare thls to the number of moles of H that was in the sample by d1v1d1ng the number of moles .
of H by the number of moles of unknown2 - : .

ng 01343 molH . 6.00 molH
Tunknown . 0.0224 mol unknown ~ 1 mol unknown

L There is 6.00 mol of H per mole of the unknown, and therefore there are @ atoms of H per molecule

of unknown

c) The unknown contams H and one other element call it Z. The relatwe molecular mass of the

-unknown is 62.1. The maximum relative atomic mass of Z is 62.08 — 6(1. 00794) This is -~
. the relative atomic'mass of Z zf one atom of Z is present per molecule of unknown, that s, if the

molecular formula of the unknown is ZHg.

.

d) The answer is E | yes, | other values of the relative atomic mass of Z are possible. The molecules of

- the unknown nnght contain more than one atom of Z. Two atoms of Z would imply a relative atomic ..
" mass of 28.0; three atoms of Z would imply a relative atomic mass of 18.7. As the subscript of Z gets

larger, the relative atomic mass of Z gets smaller as the following table shows

" 20nce again, comparing two things means dividing one by the other.
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(SN

- Formula Rel. Atomic Mass of Z. Identlty of 2 -

Zle' 56.0 . , -Fe‘7 <
_Zsz . 280 s .o Si? -
L ZgHe v 187 . F7.
T Z4Hg 140 o N7 o
ZsHg o112 - T BT
" ZgHe. 933 . - Be?.. .. . -
" ZgHs 623 - Li?°
ZseHs - 3 100 : H” o

. To identify element Z compare the relatrVe atomic masses in the table to those of the known elements ‘
If the molecular formula of the unknown compound is ZZHG, then the relative atomic mass of- element -
. Z is quite close to that of m (28.08);. if the formula is Z4He , then it is quite close to that of .
. v(14 01). The other formulas in the table give relative atomic masses differing substantrally from those -
of authentic elements. It is true that a subscrlpt of 56 gives Z a relative atomic mass of 1. 00 which.
s very close to the relative atomic mass of H, but then the unknown would be “H62,” which is not a
, bmary compound ‘A subscript of 14 makes Z’s atomic mass come out to equal 4.00, whrch is close
- -to the atomic mass of He.. but compounds of hehum are unknown ‘

e) ‘The compound is elther (d1s1lane, relatrve molecular mass 62 2196) or m (tetrazane, S
" relative molecular mass 62. 0756) Both exist, but SisHg is more stable -
K Tlp The relative molecular mass of the unknown is 62. 1. “This value has three srgnlﬁcant dlglts'
because it derives from the relative density 1.94, which is an expenmental result that is reported to
* three significant dlglts in the problem. The last digit in expenmental results such as these is uncertain
by at least £1 and mxght be uncertain by as much as 3. The true relatrve molecular mass of the _
unknown is therefore most likely between 62.0 ‘and 62.2 and mlght be as high as 62.4 or as low as 59.8.-
The data -are Just not precise enough to tell whether the compound is dxsﬂane (relatlve molecular‘ ‘
mass 62.22) or tetrazane (relative molecular mass 62 08)

ertmg ‘Balanced Chemlcal Equatlons B e T T .
S 2. 31 Balance the ‘equations by inspection. For example, in part a), assign 1 as the coefﬁc1ent of NH3 )
-' This obhges a coefficient on = 1 for N; because it takes 1 5 mol of N to furnish the 1 mol of N.that is
_ s1gn1ﬁed in “1 NH3.” Slmllarly, “1 NH3” obliges a coefficient of 3 for the Ha because £ mol of Hp -
" .. ‘contains the same number of H atoms as 1:mol of NH;. The answers that follow clear the fractions -

t .. from all the sets of coefficients by multlplylng the members of each set by a sultable 1nteger

‘a)3H2+N2——)2NH3 - oL ‘ ' S "
b)2K+02—)K202 . S ) )
co.€) Pb02+Pb+2H2804—)2PbSO4+2 H20
‘¢) 2KClO3 — 2KC1430; " . - T S

) CH3000H+202-—>2002+2H20 ' e
T g)2K202+2H20——>4KOH+02
o h)3PCI5+5ASF3—)3PF5+5ASCI3 .

" Mass Relatronshrps in Chem1ca1 Reactxons

S 2. 33 a) Accordmg tothe. balanced equation Mg +2 HCl — H2 + MgClz, the .reaction produces 1 mol of

. Hg for every 1'mol of Mg consumed Diatomic hydrogen has a relative molecular mass of 2x1.00794 =
- 2.01588, and. Mg has a relative atomic mass.of 24.305. Therefore, “1.mol Mg — 1-mol Hy” implies
- .24, 305 g Mg — 2. 01594 g Hz”. Th1s fact prov1des a umt—factor to’ compute the mass of Mg that

5 ylelds 1 000 k: of Hy ‘ ,
‘ ‘ o ' 24.305 g Mg —_—
= Hyx [ =255 . :
ratg = 1000, Hy x (2;01_594 g H2> 2 06 d Mg_ -
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b) The equatlon 2 CuSO4 + 4 KI —) 2 CuI +1p+2 KgSO4 states that 1 rnol of Iy comes from 2 mol
of CuS0y4. Use this fact as,a unlt factor in a strmg of conversrons starting from 1. 000 g Iz ' '

- 7 Tmoll, \ [2mol CuSO,).[150.608 g CuSO4\
- mouso, = 1.000 & I2 (253 809 g 12) ( Tmol T ) ( Tmol CuSO; - )~ 1258 g C“so4

2.35" |
"~ Since all of this carbon is captured in the form of K,CO3, 12 mol of K;CO3 forms per mole of
- KoZnz[Fe(CN)g]z. This fact provrdes the second umt-factor in the followmg The other umt-factors ‘

2,87

2 2.39

241

' Use a series of unlt factors to pass from grams of A1203 to grams of cryohte

‘/ c) Accordlng to’ the balanced equatlon, 1 mol of NaBH4 yields 4 mol of H2 Some mlght argue that
“such a reaction is not. p0551ble, reasoning that no chemical reaction can transform the 4 H. atoms of-

NaBH4 into the 8'H atoms of 4 Ha. In fact the extra H comes from the other reactant water. Wrrte
a series of unit- factors ' : :

'mNa‘BH‘, = 1.000 g H2 X (

1 molHy \ (1 mol NaBH4 /37,833 g NaBH, S
(2 —[4.692 g NaBH
20158gH2)< 4 mol Hy )( 1 mol NaBH, ) l469 £ B2

An examination of the formula establishes that 1. mol of’ K2Zn3[Fe(CN)6]2 contains 12 mol of C.

are routme

1'mol K2C_03 2\ /1 mol Kang[Fe(CN)ﬁ]g . 698.3 g Kang[Fe(CN)e]z
138 2 g K2CO3 : ) 12 mol K2003 ' 1 mol K2Zn3[Fe(CN)6]2‘

783gK22n3[Fe(CN)6]2|-' T

m=186¢g _cho3 X (

‘ erte and balance a chemlcal equatlon to learn the relatlonshlp between the number of moles of SlgHs . .

consumed and the number of moles of Si0, formed By mspectlon -

2 SI2H6 + 7 02 —-) 4 SiOs 46 H20

. Next use the dens1ty and’ volume to obtain the nuniber of moles of SipHs. Then obtain the number '
* of moles of the SiO, product and ﬁnally the mass of the SiO;. The following does this all in a smgle'

series of unlt-factors

ms 25.0 cm x (278 x 103 &\ (_1mo SizHg 4 mol Si0; \ /60.085 g $i05\
0T © 1,00 cm?® 62.2196 g SioHg / \ 2'mol Si;Hg/ \ 1 mol SiOz

Seereal

“ 1 mol Al,Og -\ {2 mol NagAlFe /209. 94 g NagAlFe
101.962 kg Al203/ \ 1 mol A1203 1 mol»NagAlFs g

=[118 x e g NazAlFg | -

mN&aAlFe = 287 g A1203 >< (

It does not matter whether the substance in questlon is a product or reactant The form of the
unit- factors is s1m11ar '

_ /1 mol KNo3 \ / 1mol KCl 74.'551 gKCl\
micch = 567 g KN03 (101 103 g KNO3> (1 mol KNO3) ( T mol KCI ) =8¢

For the mass of the by-product sw1tch dlrectxon after the ﬁrst umt-factor :

‘ : - ‘ ' “1.mol KNO3 2 mol Clz 70.906 g Clz
Lo m?” ._.567'5 KN?“- ,'X'<101.103lg KNQg)‘ (4 mol KN03) ( Tmol Ol

4
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2.43 a) The small Whole-number ratlos in chemlcal formulas and balanced chemlcal equatlons alwa.ys refer -

_to numbers of moles, never to mass. The balanced equatlon given in this problem assures that the -

7 numbers of moles of XCl; and XBrg' are equal. To use this fact, convert the mass of XBry to the -

.. number of.moles of XBr;. Also, convert the mass of XCl; to a number of moles of XCl,. The:

* conversions require the molar masses of the two compounds, which in turn requlre the molar mass of
element X, a quantlty that is unfortunately not known. Call 1t z. Then

molar massxp, =  + 2(79.904) g mol ™! - molar xna.ssx012 f z+ 2(35 453) g mol !

The numbers of moles of the two compounds are

"/ 1mol XBr, ‘ 1.500 . o
‘ , = 1.500- XB . lXB
_. e, = 19 B ADIX ((a:'—l— 159.808) XBr2> Z+159.808 0 AP
‘ ‘1mol XCl, 0.890 - R
= X 1 . 1 XCl .
i, = 0890g Cla (( +70906)gX012'> T+ 70906 mol XCl2 .-,
But the numbers of moles of the XBr2 and XCl, are equal Hence
- 1.500 - 0.890 -

159.808 + = 70 906 + x
ThlS equatlon is easﬂy solved for z, the molar mass s of the unknown element It equals 58. 8 g mol~ 1
the relative atomic mass of the element i is m _
-b) A check of the table of atomic masses printed on the inside back cover of the text reveals that the
. unknown element is | probably nlckell wh1ch has a relative. atomic mass of 58. 6934. Cobalt (relat1ve
" atomic mass 58.93320) is very close as well. ) T

2.45 By the law of definite proportions, the compounds AgCl, NaCl a.nd KCi contam set fractlons of: the1r _
mass as chlorine. These fractions are readlly computed from the formulas of the compounds and a ..
table of relatlve atom1c masses. Thus, in addition to the obv1ous relatlonshlp
v |

. 1.0000 g = MNacl + mKo1

" the following holds s

mC] (1n AgCl) = mgy (in NaCl) +ma (m KCl)

Figure out the relatlve formula masses of AgCl NaCl,and KCl and use them to obtam the fractlon of
each compound that is CL Then substitute i in the precedlng equat1on '

21476 35.4527 . - m' (. 354521 n 354521\ .
=P B\ 35,4527 + 107.8682 Nacl 35.4527+22.9898) Kel 35.4527+.39.0083 ) .

. D1v1d1ng both s1des of this equatlon by 35 4527 and completmg the addltlons glves

' 1 ' 1 ‘ 1\
. 2147 & (143 3209> NGl <58 4425) +_ch1 (74.5510) o
Next substltute for mNaCI in terms of mKCI and s1mphfy | ‘
21610 5 (ot ) = (1000 = ) () e ()
&\ 143.3200 g ~MKal 58 58.4425 mxet | 745510
N 2 1476 g (143 3209) =1000g <58 4425) +mxal (74.5510 - 58.4425)
' 21476g~1000g_‘m 1. 1 -
1433200 58.4425 kel \ 745510 58 4425

©2012 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or po,stéd to a publicly accessible website, in whole orin part.

- S . v



Chap'ter 2 Chem_ical Formulas, C’heznical EQuations, and Reaction 'Yields ! , : ) o 13

!

Completlng the arithmetic in the last equation, solvmg xt and then remembering that the masses of

~ the NaCl and the KCl ‘add up to 1. 000 g gives first - . ) ; <

mxcr =0. 5751 g and then mac1 = 0.4249 g

The mass percentages of NaCl and KCl in the ongmal m1xture of NaCl and KCl are | 42. 49% and *

Trespectively.

‘ leltmg Reactant and Percentage Y1eld

2. 47 Write the balanced chemical equat1on for the reactlon

HCl(g) + NH3(g) — NH,Cl(s).

One mole of HCl gas welghs 36.46 g, and one mole of NH3 wexghs only 17 03 g. It takes fewer heavy

" molecules than light molecules to make up a spec1ﬁc mass. Therefore, equal masses of HCl and NH3

contain more molecules of NHz. When the two react in a 1-to-1 molar ratxo, the HCl is used up first.
This means that HCI is the limiting reactant When the HCl is used up, - the reaction stops, leavmg

" . ’excess NH3 The mass of NH4Cl that i is produced is’

. _ 1 mol HC1 \ 1 mol NH,Cl ’53 49 g NH,CI\ - -
© mnmr = 1000 & HOL x (36 16 g HCI) ( T mol HOL ) ( T mol NH,CI ) ~[147% NH4C ’

‘ Use the equatlon

Smce 20.0 g of matter was present orlgmally, the mass of left-over NH3 is (20.0— 14. 7) 5.3 g NH; |

" The precedmg is a conceptual method of 1dent1fymg the hmltmg reactant. A more mechamcal (but . ,'

frequently recommended) approach is to carry out. multiple calculations of the sort Just given.. One
selects a product and calculates its yield based on the amount of each reactant in turn and assuming

unlimited amounts of the other. reactants. In this’ case, one first computes that 10.0 g of NH3 and R
.unlimited HCl would give 31.4 g of NH,4Cl and next computes that 10.0 g of HCI and unllmlted NH;

would give only 14.7 g of NH4CI The reactant giving the lowest y1eld of the selected product is the
llmltmg reactant :

Tip. A qu1ck way to 1dent1fy the 11m1t1ng reactant is to divide the number of moles of each reactant,

. by the coefficient that the reactant has m the balanced chemlcal equatlon The smallest answer - k
‘ 1dent1ﬁes the 11m1t1ng reactant : . iy S

. 2.49

s Fe203+3CO—>2Fe+3COz _
to compute the maximum poss1ble y1eld (the theoretlcal yleld or T.Y. ) of Fe based on Fe203 as the .

.hmltmg reactant (the ‘COis “in excess”):

1 mol Fe;O3 2 mol Fe 55.85¢g Fe
—4
T-Yor 33.2 g Fe?o“" X (159,69g Fe203> (1 mol Fe203> TmolFo 20208 Fo

g The percent y1e1d a ratio, 1s ,‘

Actual Yield '254.3 g Fe actual o ) L
P Yield = il
) ercent Yield - Theoret1cal Yleld 100% L 303 0.g Fe theoretlcal 100% =(83 9.3%

N

_Tip. A computatlon of theoretlcal y1eld assumes that the reaction proceeds cleanly (w1thout side-
, reactlons) and “to completlon to give the products appearing on ‘the right-hand side of the equation.

It also assumes that the product in question can be separated from other products, solvents, and

_ 1mpur1t1es w1thout loss. Needless to say," actual reactlons rarely work that way

-

i
}
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VADDITION AL PROBLEMS

.251

2.63 "

~

The solution requires more significant figures than the computations in problem 2.13 but follows the

. same printiples. The relatlve molecular mass of the human parathormone is 13 931. 98 The mass

~

percentages are

c,‘5'9.571%; H, 6.4968%; -N,"12.56’(0%; 0, 18.8336%; S, 2.5318%

a) A binary compound contains only two elerhents. In this case, each of the three compounds contains-
oxygen O and the metal M and nothing else. Compound 1 contains 13.38 g of O for every 86.62g -
of M, which, by division, is |0 15447 g of O perlg of M. Compound 2 and Compound 3 contain . -

~|0. 1029 g of O and|0. 07721 g of O per 1 g of M, respectlvely b L

U b)If Compound 1 is MO, then Compound 2 is MOy/3 because Compound 2 has 2 / 3as much oxygen

per given. quantity of M as Compound 2. The formula MOy/3 (equ1valent to M;04 /3) is improved
© by mu1t1p1y1ng both subscnpts by 3 to get rid of the fractlon The result is m Compound 3 is

: if the Compound 1is M02 because it has almost exactly 1/ 2 as much oxygen per quantlty of

2.55

2.57

with 2 mol of oxygen

M.

c) The assumptlon that Compound lis M02 stlll goes Compute the amount of metal that combmes

. mM—(2x159994gO)<%)—20715gM

Because “MO5” means there is 1 mol of M- .per 2 mol of O, the: relative atomic mass of M equals

207.15. Consulting the perlodlc table reveals that M is

. Tip. If the formula of Compound 1 is not known, then ﬁgurmg out the 1dent1ty of element M is
-probably not poss1ble Thus, if Compound 1 is M20so, then the relative atomic mass of M is half of

207.15 or 103.6; if Conipound 1 is M3Oy, then the relative atomxc mass of M is 69.05; if Compound ‘
1'is MyOs,: then the relative atomic mass of M is only 51.79, etc. (see problem 2.29). Co

Imagine 1.000 g of the first ox1de It contams 0.6960 g of Mn and 0.3040 g of 0. Dividing these masses
by the relative atomic masses of Mn and O gives the relative numbers of moles of the two elements.

.. The smallest whole-number ratio of these numbers of moles gives the subscnpts in the compound’
_ empirical formula: . " B ‘ )

MDO 8960 0 g.3010 => Mno 0126700 01900 = Mn1 00001 500 == anos I

Repeat the procedure for the second oxide: , _' S

Mno o310 00 681 = Mno 0115000 02301 = MII1 00002.000 = m

Tip. Gettlng from the second to the thn'd formula in calculat1ons such as these is easiest 1f one -

_d1v1des each subscript by the smallest of the subscripts.

‘a) The balanced equatlons for the conversion of cyanurlc a01d toi lsocyanunc acid and the react1on of '
1socyanur1c acid with mtrogen dioxide are O

|C3N3(OH)3 — 3HNCO - and 8HNCO + 6No2 — 7N2 + 8002 + 4H2O

‘ Balancmg by 1nspect10n in the second equatlon works but _requires some care. Ass1gn 1 as the

coefficient of HNCO. Then, focus on' C and H because these elements occur in only one compound .

. on each side of the equation.. If HNCO on the left has a coefficient of 1, CO; on the right must have -

B 'a coefﬁc1ent of 1 and H30, on the nght must have a coeﬁic1ent of 1 ‘to achieve balance in.C and H-
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"These two coefficients on the right imply- a total of 21 mol of O on the right. The “l1 HNCO” on

the left supplies only 1 mol of O, and its coeflicient must not be changed The NO; must supply the
other 2 3 mol of 0. To do this, its coefficient must be . The left 51de now has 1 + 4 3 = Z mol of N.
The coefficient of N3 on the right must therefore equal Z because % gX2= z 1 (the 2 comes from the
subscript i in N3). Multiplying all five coefficients by 8 ehmlnates fractional coefﬁments

. b) Use a series of unit-factors constructed from the molar masses of the compounds and the coefﬁments
~of the two balanced equatlons ~ .

o Lo 1'mol NOg \ /8 mol HNCO 2 mol C3N3(OH)

— 10 2 313 3
mGsnaome = 17 10 kg NOz x (o 046 kg NOZ) ( 6 mol NO, ) < 3 fnol HNCO | )
0. 129 kg C3N3(OH)3

1 mol C3N3(OH)3 ')

=[21 x 10'° kg CaNg(OH)a |-

The only. product of the reactlon that contains mtrogen is m—toluldme, the only reactant that contains
‘nitrogen is 3'- methylphthalamhc acid. It follows that the mass of nitrogen in the 3’ -methylphthalanilic

acid must equal the mass of nitrogen in the m-toluidine. The m-toluidine (emplrlcal formula C7HgN)
is 13.1% mtrogen by mass (calculated as’'in problem 2.13). The 5.23 g.of m-toluidine therefore
contains 0.685 g of nitrogen. The 3 methylphthalamhc acid contams 5.49% nitrogen by mass (as

" given in the problem). The issue thus becomes finding the mass of 3 methylphthalamhc acid that

2.61
. process

2.63

- contains 0.685'g of nitrogen. Let this mass equal z. Then 0. 0549z = 0.685 g Solving glves T equal

to'12.5 g. This analy51s is equlvalent to. the followmg

131 g N 100 ¢ 3’ -methyl ———
=(12. - L..
- m=523¢g tOlllldlIle P (100 2 tolu1dme> ( 5 49 TN 125g3 methy

a) erte an. unbalanced equation to represent what the statement of the problem reveals about the

C12H22011 +0; — C6H807 + Hzo

‘ Balance this equatlon as to carbon by inserting the coefficient 2 in front of the citric acid. Then -

balance the H atoms by putting a 3 in front of the water (of the 22 H’s on the left, 16 appear in
the citric acid, and the rest appear in the -water). Next, consider the oxygen The right side has

(2% 7)+ (3 x 1) =.17 O’. On the left side, the sucrose furnishes 11 O’s so the remalnmg 6 must

come from 3 molecules of oxygen. The balanced equation is

o 012H22011 £30, 2 CeHs O + 3H20 J.

b) The balanced equatlon prov1des the mformatlon to erte the second umt-factor in the followmg

1-kmol sucrose > (2 kmol citric amd) (192.12 kg citric ac1d)

=150k
mCeHsO7 | 9.0 kg sucrose x (342 3 kg sucrose 1 kmol citric acid

-1 kmol sucrose

=|16.8 kg citric ac1d|

Tlp' Save some effort by creating and using unit-factors such as 1 kllomole. sucrose / 342.3 kg
sucrose.” Also, only part of the balanced equation is needed, namely the 2:1, molar ratlo of citric’ .
acid to sucrose. The O and H2O could have been left out. ‘ '

a) Compute the number of moles of XBr, that is present and recogmze that two moles of AgBr

- appear for every one mole of XBry present m the 5.000 g sample This fact appears in the second

umt-factor in the followmg

1 mol AgBr \ /1 mol XBr, o o
187.77 g AgBr) (2 ol AgBr) = 9.002716 mol XBr2

 nixpr, = 10198 g AgBr x (
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The molar mass M of any substance equals 1ts mass divided by 1ts chemxcal amount

s

M"B” = -0 002716 mol =[s1 L g mol”

» N XBr2
: ‘ : .
b) The relatlve atomic mass of element X equals the relatlve molecular mass of the compound mmus_

_ the contribution of the bromlne

. T relatlve atomlc mass of X = 184 1- 2(79 9)

i Checkmg the atomlc masses in the perlodlc table shows. that Xis magnesmm

- 2.65

"In step 1 of the Solvay process, 1 mol of NHj (along w1th 1 mol of H,0) cornbinés with 1 mol of COsz, 3

~ . holding it for attack by NaCl. ‘This attack (step 2) gives 1 mol of NaHC03 while driving off NH4Cl

~ asa by-product. Heating the 1 mol of NaHCO3 (step 3) then glves 5 L' mol of the product NayCOj.

" "For ‘each mole of NH3 that is put in, 5 mol of NayCO3 comes out. The followmg set-up uses this
. fact. It also uses the fact that a metric ton (1000 kg) is a megagram (1 Mg, a mllhon grams) and the
" fact that amegamole (Mmol) is 108 (one million) moles. .

2.67

1Mg  \ / 1 Mmol NH3‘, | ’1"/2 Mmol N'azcog' -
1 metric ton/. \ 17.03 Mg NH3 -1 Mmol NH3 :

105.99 Mg NagCO3 (1 metric ton '
( 7 Mmol Na2003 ) ( 1 M A’ ) —|3 11 metric ton Na2003|

mNa2003 = 1 metnc ton NH3 X (

Assume that the hmestone raw mater1a1 is pure calc1um carbona.te (CaCOg) Add the three steps-
listed in the problem. The CaO cancels out between the first and second steps and the CaCz cancels -

out between the sécond and thlrd The result

“

CaCO3 + 3 C + 2H20 —') Csz + Ca(OH)2 + CO + 002

s balanced It mdlcates that the over-all process generates 1 mol of Csz for every 1 mol of Ca003

that is put in. Use this fact as a unit-factor to obtain the theoretical yield of (C2Hz) (acetylene). It

-~ is not necessary to compute the theoretical yiélds of CaO (lime) and CaC; (calcium carbide) formed

. T1p “Overall” (sum of steps) chemrcal equatlons sometlmes fool people The one used here prov1des o

and subsequently consumed on the way to the final product. The following set-up uses two additional " "

_facts a metric ton is 106 g, also called a megagram (Mg), and a megamole (Mmol) is 106 moles.

m02H2 - 10 0 Mg CaCO3 ( 1 Mmol CaCOs ) ( 1 Mmol C.H, ) (26 .03 Mg C2H2>

100.1 Mg CaCO;; 1-‘Mmol,CaCOl3 1Mmol C;Hz )~
"—260MngH2 e

T

"The percent yleld equals the actual yleld d1v1ded by the theoretxcal y1eld and multlphed by 100%

e

2.32 M H o
: percent yleld 02H2 —2——201\42—(03% 100% _ :

a correct molar relationship between the Ca003 and Csz It does not mdlcate that CaCO3 reacts -
dn‘ectly w1th C and HgO :

e
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Chemlcal Bondmg The Classmal
Descrlptlon R ;_j. FE——

P

, The Perlodlc Table

"3 Accordmg to the perrodlc law, scandlum ( ‘eka-boron, | Eb”) should have propertles 1ntermedrate
between those of calcium and tltamum Simply average the numerical data: '

Property [ Predicted | Observed L
Melting point | - 1250°C .+ 1541°C, U
Boiling point | - 2386°C’ - 2831°C

3

Density * | 3.02 g cm™3 | 2.99 g cm™3

" The information in the “observed” column come from text Appendix F.

- 3.3 Elements in Groups numbered higher than IV in the periodic table tend to form hydrldes having
' (8 n) hydrogen atoms, where n is'the group number. Antimony is in Group V, and, by this rule,

its hydride is m (not “SbH5" ); bromine is in Group VII and its hydrlde is : tinis in Group

IV and its hydride is. , selenium is in Group VI and its hydrlde is . All'four of these -
compounds exist. :

Tlp.. Usrng the (8 —n) rule w1th Group VIII indicates that the hydrldes of He, Ne, Ar, Kr, Xe,’_
and Rn contain zero hydrogen atoms In fact these elements do not form blnary compounds w1th
*_ hydrogen. . ST - ‘ . ‘ .
Forces and Potential Energy in Atoms S A .
3.5 ° a) Coulomb’s law (text équation 3.1), gives the electrostatlc force F between two electncal charges .
" as 4 function of the magnitude of the charges and the distance r between them." Use it. Take rto .
" equal ezactly 2 A (2 x 10710 m) and carry out the arithmetic to four 51gn1ﬁcant dlglts

X qQ q2 _(=e)(=e) = (- 1.602 x 10‘19 C)? o
T dmeor? . 4dmer? . 47r(8.854 x 1012 C2 J-1 m-1) (2.000 X 1010 m)2. - .
= 5.767 x 107° © =5.767x10° I m™! ={5.767 x 10° N|.

C2J-1m~! m?

‘Numerical -values for the charge on the electron (e) and the electrical permltt1v1ty of the vacuum- -

(€0) come from the table on the inside of the back cover of the text. The charge on an electron has
-a negative s1gn, so the force between.two electrons is posmve They repel each, other.

Trp The electrostatic force between two charged particles 1mmersed in a medium is always less than "
the force between the same partrcles held the same distance apart in a vacuum. This is because the

. ; ) _ 17 ‘ T
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.electncal permittivity (€ in ‘the preceding) of any matter exceeds that of a vacuum. For example,
o the ¢ of water is about 80 times larger than €o. :

b) Use text equatlon 3.2, which give the electrostatic (Coulomblc) potentlal energy of the 1nteract1on
between two charged pa.rtlcles Assume that the distance between the two electrons is exactly 2 A
(2x107 10 m) and carry out the ar1thmet1c to four significant d1g1ts o ‘ :

V— g . (- 6)( 6) R »‘ [
47r€or o 4megr,

. (~1.602 x 1071° C)(-1. 602 x 10‘19 C)

471'(8854><10 “12C2 ) 1'm™1)(2x 10719 m

1eV ) = 171986V

‘ —|1153x10“18J -

— —18
1153x10 Jx (16022x10"19J

‘ The positive answer means that these two part1cles repel each other A palr of electrons held close .
to each other is like a coiled sprlng, a reserv01r of energy. This energy is potential energy.

3.7 a) The cha.nge in the electrostatic (Coulomblc) force between the proton-and electron equals its
: final value minus its initial value. Write Coulomb’s law (text equation 3.1) for the final case and
“again for 1n1t1al case and do the subtractxon Then substxtute the numbers ‘

Fg—F _k 9pde dpYe. v
47reor2 Amer?

. (+1.602x 107 C) (-1 602 x 1015 C) [ 1 ] .

47r(8854x10 12 G2 J-1 1) 27 l
1 ' 1 - ,
= —28 . _

|—773x10-8N|

It is also possrble to figure explicit values for the two forces first and do the subtractlon second:
. Fy = —5.13 x1079N and F; = —82.4 x 1072 N. The negative signs on the F’s mean that the

+* ‘electron and proton attract each other. This attractive force strengthens as.the distance between -

. the partlcles dw1ndles r2 is one-fourth of 71 and F2 is sixteen times the size of F1

- Tip. Make sure to understand the way that the units work out.- Use the deﬁmtxons in text Appendlx
- B (Table B. 2) as requ1red The SI umt for force i is the newton (N) :

RN

o —C%?(—C) ( m)_2'='< 3 ) “_“‘2 - ‘kg:“‘é ?;'2)7,"“ e N"

S
1

\ b) The change in the potent1a1 energy of the system equals the ﬁnal potentlal energy mlnus the
1n1t1al . . ,

1

"V;)—V1= dp qe |:_1___l:|

-  dme |t N o

- (+1.602 x 1071° C) (—~1.602 x 10~1° C) [ 1]
T2

- 47 (8.854 x 10712 C2 J-1 m-1) i
. : = (-2. 1 -28.. J - -
A = (72307 10 m) [(0.529'>< 1070 m) . (212 % 10710 m)l
leV :

L 60217 x10-19J

' ;_|—327x10-18J|>< —20.4-eV
e
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The potentlal energy of this system 'of partlcles is negatlve Increasmg the distance between the
particles raises this potential energy toward zero. It reaches zero only when the distance between
the particles becomes infinite. - :

c) Assume that the H atom consists of an electron of mass me moving in a circular orbit at veloc1ty
"v, around the motionless proton. The-electrostatic force F' acts on the electron to accelerate it
- directly toward the proton. This force is given by F' = mca. (Newton’s second law of ‘motion). The

electron would smash into the proton except that its progress along its orbit at VelOClty Ve causes:

it constantly to move past and miss. The acceleration a., velocity ve, and inter-particle dlstance r.

are related by the equation ae =yl/rl Substltute thls expressmn for a, mto F meae and solve

for ve , o » -
. ' Fr '
[ . : E . Ve =
- , o o me ‘
From the pomt of view of the electron, the Fin th1s equation is positive, pulhng it toward the
proton.? Substitute the Coulomb’s law expressmn for F and the numencal value of gpge / 47eq from
the previous parts of this problem . : IR

/

N e \/2307x10 28 Jm
. "Ue 4 2 3
TEY T m,3 T'Me

v

. Flnally, compute the veloc1ty of the electron at each of the two r s and take the dlfference

Y R 23o7><1028Jm'
e)1 = ' =1. 16
(”)1 \/(212x10 T m)(9.109 107" ke) 09 % 10° m s

(0 ‘ 2.307 X 10~28 Jm
e/2 = (0.529 x 10710 m)(9.109 x 10-3T kg) -

219x106ms 1

-Av;=(2.19><106—1.09><106)ms _ =|109><106ms—.1]'

' The electron moves faster (and has more kinetic energy) when it orblts closer to the proton Howeverv l
~the potentla.l energy is algebralcally less (more negatlve), as estabhshed in part b)

Tip. The velocities actually equal +1. 09 x 106 m s~! and £2.19 x 106 m s~! because extractmg‘ -
a square root gives two answers. The negatwe answers correspond to motion i in the opposite sense .-
(counter-clockw1se, say, rather than clockwise around the proton) : :

Another, approach to the problem is to use the- virial theérém (text page 93) The theorem consxsts
of a simple equation (text equation 3.14). that relates the average kinetic energy (7") and average
" potential energy V of systems of this type. It is: » ‘ :

7-____

SEERY

" The bars above the symbols indicate time averages Average quantltles are used because the kmetlc '
and potential energies of dynamic systems commonly fluctuate even as the total energy, the sum -
of 7 and V, remains constant. This happens. when one particle moves in an elliptical orbit arotind
another.. In this problem, the electron moves in a circular orbit, and the proton does not move. -

" Neither the kinetic .energy nor the’ potential energy. of the system fluctuates, and the bars may be
discarded. Because the proton is motionless, all of the kinetic energy (energy of motxon) belongs to

the electron which means that all of the potential energy also belongs to the electron, and

Te=-iv s
Most physms textbooks show the derivation of thls relatlonshxp _
2Note that if a minus sign is 1ncluded ‘under the radlcal then Ve cOmes out to be an 1magmary number' R { '

!
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By the deﬁmtxon of kmetlc energy, 'T; 2mev2 Substltute this equatlon 1nto the precedmg and
" solve for ve

Ve = C I o .
Lo i . : me : ’ . ’ . )
Insert Me’ and V1 and Vg, the two potentlal energles from part b), and compute the two veloc1t1es .
S (—1.09 x 10- £y IERTSLEEN (—4.36 x 10- ) _ .
€ . 1 1 R —
SRR (Ue)l \/ 9.109.x 10-31 kg 09x10° ms @ ) 79109 x 107 kg =219x10 ms}

Iomzatlon Energles and the Shell Model of the Atom
3 9 Use the perxodlc trends in 1on1zat10n energy shown in text Figure 3 7

a) has a hlgher IE; than Rb . c) has a hlgher IE, than’ Cs . c - |

~b)|Rn 'Rn|has a h1gher IE, than Po .d) has a higher JE; than Ba

‘3.1 Text Table 3.1 gives the successive 1omzatlon energ1es of elenients 1 through 21. Berylhum element l " -
4, has four ionization energies labelled 1E; through IE4. Compute log IE,, for n equal 1 through 4. - -
‘To do this, first divide each entry by the unit €V as mdlcated in the label on the vertical axis in the

' followmg graph. This is necessary because it is 1mp0581ble to take the logarithm of a quantity that

has units. Next, graph the result versus n. The big increase between IE2 and IE3 1nd1cates that' \

'electrons 3 and 4 are much more t1ght1y held than are 1 and 2. - , L

Logarxthm of Successrve Iomzatlon Energxes of Berylhum L o

q) 20 St N . N . . . . ) ~ - N
w0 ‘1.0"]» : - — UEo [
2‘, . IE1 )
; [ T N i 2 Jf 4 n——>

SRR

- _Electron Afﬁmty and Electronegatrvxty The Tendency of Atoms to Attract Electrons - . L .
. 3. 13 Use the per1od1c trends in. electron afﬁmty exhlblted in text Table 3. 2 L T e O

: a) has a larger EA than Xe c) has a larger EA than Ca

“b) . has a larger EA than Pm’ d) - has a larger. EA than Po

‘ ..__3.”15 IK <Si<S<O0< F| Electronegatlvxty tends to increase movmg up a Group (column) in the '
. 'periodic table and from left to right across the Groups (rows) from I to VIIL Thus, electronegatlvrty.' -

generally 1ncreases dlagonally from lower left to upper right in the per10d1c table
i Forces and Potential Energy in Atoms Formatlon of Chemical Bonds ,
g 3'17 Obtam a factor to convert kJ mol"1 to eV, as suggested in the problem o ‘
1 mol - 10007 . - 1eV. - 0010364 eV
mol * 662214 x 10% molecules kI X {60217 X 103 . molecule.

Therefore, the Hz molecule 'has a bond d1ssoc1at10n energy of 4.49 eV, and the F, molecule has a
bond dissociation energy of 1.61 eV. A plot of the V. as a function of the interatomic distance in'
H2 must have a minimum of —4.49 eV, at 0.751 A and a similar. plot for F2 must have its mlmmumz e ‘

of —1.61 eV at 1. 417 A ‘The plots both have the. hook like shape shown in text Flgure 3. 12.

R R '
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o Eﬁ'ective Potential Energy Curves for H, and. Fo
1071 o \' ) . o
- 3.0 - 40 A

0.0

) ~1.0.4 .- -

. ‘,eff,/ eV" )

F2: min. at 1417 A,-1.61 eV

Hz: min. at 0.751 A,—4.49 eV

- Using the same "‘scale that was used‘for'problem 3.17 helps in making cornpariSOns. :
R } - : .

107 Effectwe Potent1a1 Energy Curve for HF

, w:10“ T a0 80 T 40 A
0.0 i . — g

Ve / eY.': =

HF min. at 0.926 A,~5.86 eV

- The H—F bond is stronger than either the H——H bond or the F—F bond as shown by the greater |

depth of its potential energy “well.” The H—F bondis also’ shorter than one-half of the bond -
dlstance in H—H added to one—half‘of the bond distance-in F—F B ,

B Iomc Bondmg

321 .

a) An atom of radon has 86 electrons Of these, 78 are core electrons, and 8 are valence electrons :

" The Lewis dlagram 1s.. Rn

b) The monopositive strontlum ion has a total of 37 electrons Of these, 36 are core electrons and

‘11is.a valence electron. -~ Sr+ *

- c) The selenide(2—) ion has a total of 36 electrons Of these 28 are core electrons and 8 are valence '

electrons. The Lewis dlagram is ‘Se‘ 2-

. d) The ant1mon1de(1 ) ion has a total of 52 electrons. Of these 46 are core electrons and 6 are

_ ‘ “valence electrons. -Sb- - .

.. 3.23 .
_ ‘the two possible directions. The AE of the first reaction is the molar IE, (first ionization energy) of .- - :

a) The two equatlons “show’ the transfer of an’ electron between a K(g) atom and a Cl(g) atom in

K(g) added to the negative of the molar EA (electron affinity) of CL The AE of the second reaction

is the molar IE‘1 of Cl added to the negatlve of the molar EA of K. Take data from text Appendix F .

AE (for K+Cl )(g) Als. 8+ ( —-349. 0) 69.8 kJ mol ™!

AE (for K- 01+)(g) = 1251 1+ ( —48. 384) | 12027 kJ mol* I

T
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'b) Combine the ionization energies and electron affinities of Na-and Cl as in the vpreced‘ing

AE (for Na*CI™)(g) = 495.8 + (—349. 0) =[146.8 kJ mol | -
 AF (for NaCI%)(g) = 1251.1 +( —52.867) _[1198 21 mol™t].

.Imagine that K-CIt (or Na Cl+) were to form. A subsequent reaction transferrmg electrons to
- form K+cl— (or Na“'Cl ) would be strongly favored energetlcally, and no barrler would exist to

stop it-from occurring quickly.

. The problem is to estimate the energy of dlssomatlon of KCl(g) given that the distance between the
-bonded K'*' and Cl~ ions equals 267 A3 This is the AE of the reaction -

K—Cl(g) — K(g) + Cl(g)

The answer-must be posmve because breaklng chemical bonds always requlres energy Approxnnate

‘the bonding in the K—Cl molecule as a purely electrostatic (Coulombic) attraction between a Kt

jon and a Cl~ ion. The dissociation of such a molecule can be imagined to take place in two steps: 1)

_ the separatlon of the two ions to an infinite distance from each other; 2) the transfer of an electron
: from the negatlve jon to the posﬂ',lve ion to give a pair of atoms

Step1 - o K—Cl(g)—+K+(g)+Cl (g) . ‘AEI — AVoosiomb -

i

.~ Step 2  K¥(g) +CI"(g) —+K(g) + Cl(g) AE2 ~AEs" .

;-

. The desired answer is the sum of the two AE’s

b . - L AEqg = AE; + AE'2 = —AEcsulomb — AEoo

The Coulombic potential energy of‘a K+ and FCI‘ jon separated by 2:.67' Ais

gredoi- _ - (+1.602.% 10-1° C)(=1.602 x 10~ C)
dmeoRe 4(3 1416)(8.854 x 1072 C* J~Tm~1) (2.67 x 1010 o)

VCoulomb 8 64 DS 10—19 J o

. This potentlal energy is for one Kt to Cl" interaction. For a mole of these paxr—w1se 1nteract10ns,
 multiply by Avogadro s number o : - RN

Vc°u10mb = ( —8. 64 x 10719 J pair~!) x (6 022 X. 1023 pair mol~ 1) =520 X 103 J mol"

: ' This result means that 1t requires +520 kJ to d1ssoc1ate a mole of the KCl molecules to ions: to
" break up ‘all the K=Cl pairs; move the Cl7 ions an infinite distance away from the K¥-ions-to which -~

. ‘they were bonded, and create a collection of non-mteractmg stationary Kt (g) ions and a second
collection of non-interacting stationary Cl~(g) ions. : '

- Now for the electron transfer. The text defines the quantlty AE. in an-ionic attractlon as the

electron aﬂimty of the negative ion subtracted from the ﬁrst 1onlzat10n energy of the positive ion. -

“ o In thls case

' Locate numbers for IEx and EA01 in text Appendlx F and msert them

: Substltutlng in the equatlon for the energy of dlssoc1at10n glves the answer

AE,, —IEK EACl
AE —4188kJmol‘.—3490kJmol‘ ,. o

‘

AFJ‘d = _VCoulomb - AE

= (=520 kJ mol™!) - (418 8 kJ mol~! - _ 349.0 KJ mol™1) = (450 13 mol? b

© 3The problem closely resembles text Example 3.6.
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Covalent and Polar Covalent Bondmg . '
' The As—H bond length should lie betweén the 1:42 A of P—H and the 1.71 A of Sb—H A length
.of | 1.56 A (the average) is a reasonable guess. The observed length is 1.52 A. The X—H bond will

3.27

3.29

3.31

' 3.33

3.35

3.37

Ty
‘

be weakest in m, Wthh has the longest bonds

Tip. The experlmental As—H bond length is 1. 519 A.

‘The closeness of the bond length in H—I to the sxmple sum of the covalent radii of Hand I 1nd1cates

that the bond has little ionic character,, that i is, | it is mostly- non—polaj A bond distance shorter
than the sum of the covalent radii of H and I would suggest the presence of an electrosta'tic attraction
between the oppositely charged ends of the H—I dipole. - :

Take the electronegativities of C, N, O and P from text Figure 3.10 or from text Appendxx F. Figure -
the absolite value of the d1fference in electronegat1v1ty between element A and element Bin each

bond llsted in the problem _ o : i - oo

Bond Ixa —VXBI

, “N—P 085
C—N 049
N—O - 0.40
N—N 0

The most polar bond is the one.with the largest dllference in electronegatlwty

The two elements in binary ionic compounds have a large difference in electronegat1v1ty, the elements
in binary covalent compounds have only a small difference. Higher vapor pressure in a compound
is associated with relatively weak intermolecular attractions and so with molecular (covalent) com- .
pounds. For this reason, the compound with the higher vapor pressure is in each case the one with
the smaller difference in electronegativity between its elements. :

v"a)m b) [OF; ] c)m B RS

- In dlatomlc molecules, the fractlonal 1onlc character § i 1s glven by the formula o

(02082AD 1)( )

t

In this equatlon (obtalned by rearranglng text equation 3. 24) the dipole moment 4 must be i in Debyé '
(D) and the bond distance R in Angstroms (A) for the units to cancel out and give the required

‘unit-less number as the fractional ionic character. The percent ionic character is 100 times the |

fractlonal ionic character Substitute in the formula to obtain, .
. Compound Bond Length /A Dlpole Moment / D . 6 %'Ionic Character

. ClI0O . 1573 - 1.239 0.16 16
KI . 3051 S 1082 - 04 T4 R
TICI . 2488 o 4543 038 . 38
InCl . 2404 379 . 7033 - 33

- The A in the expression (16A +3. 5A2) in thxs problem is not the A in the Pauhng definition of -

electronegatlwty in text equatiorf 3.11. Instead it 1s XA — XB, the: dlfference in electronegatmty

Substitute mto the formula to obtam

Compound ‘Ixa — x| Cale. % Ionic' ' Dipole % Ionic

HF - - L.78 40 41
HCl - 0.96 19 18
HBr. 076 . 14 . .12
HI - o046 8 '~ 6

'CsF 319 87 - 0

L
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T1p The results show that ionic character calculated from dlﬁ'erences in electronegatrvrty agrees
fairly well with ionic character based on dipole moment See also text F1gure 3.16.

‘Lew1s Dxagrams for Molecules

©3.39 ‘a) For the Lewis structure of SO2 in Wthh a central S atom is surrounded by four O atoms lmked
. to the S by.single bonds -. ‘

[ The four O atoms all have formal charges (f.c.’s) of —1; the central S has fc. +2

. Tip. Oxygen atoms with one smgle bond always have f.c. 1.

+ b) For the Lewis structure of S,03%~ in which a central S atom is surrounded by three O atoms’ and
~ a'second S atom, with all four peripheral atoms hnked to the central'S atom by single bonds o

l The central S has f.c. +2. The three O atoms and the S sulfur have f.c. —-IJ :
o _' c) For the Lew1s structure of SbF3 in which a central Sb atom is surrounded by three F atoms lmked‘

to it by single bonds I All atoms have {.c. zero. ]

d) For the Lewxs structure of SCN~ ion in which a central C atom is tr1ple—bonded to an' N and
smgle-bonded to an S atom | The S atom has f.c. —1; the C and N have f.c. zer(ﬂ

“Tip. The formal charges on atoms ina Lew1s structure change if the locations of any electrons are
shifted. ‘For example, in part d), the N has f.c.—1 and the S has f.c. zero-if the central C is bonded
~.to each by a double bond , .

Txp ‘Whenever C has four- covalent bonds and no lone pairs in a ‘Lewis structure 'its formal charge
. is zero; whenever N has three:covalent bonds and one lone pair, its formal charge is zero; whenever"
"0 has two covalent bonds and two lone pairs, its formal charge'i is zero. : - '

3.41 - The structure H——N O has f.c. on all atoms. The 1somer1c structure H—O—N' has f c.’s
L of m on the H, on the O and [ —1] - on the N. The first of the isomers is favored because it -
“minimizes formal charges on the atoms. ~*

Tip. The structures for HNO and HON are not resonance structures They show the atoms in
different orders of linkage (dlfferent skeletons), a much more profound difference.

' :3,43 “ a) In this structure of “ZOz” the oxygen atoms both possess a formal ch,arge of 0. Since there is no
' _net charge on the molecule, Z must also have a f.c. of 0. Therefore, it has 4 valence electrons and

belongs to .The compound COz (carbon dioxide) is an example

o r b) In this Lewrs structure of “2207” each of the six per1pheral O atoms has f.c. —1, but the br1dg1ng :““, e

. O atom has f.c. zero. Since the molecule has no net charge and is symmetrical, the f.c. on each.Z-
'is +3. Therefore, Z has 7 valence electrons and is in . An’ example is- C1207 (dxchlorme ’
" heptaoxide). ' v )
¢) In “Z03” one of the oxygen atoms has f ¢. zero, but the other has f.c. —1 Smce the spec1es has
a —1'net charge, Z must have f.c c 2ero. Therefore, it comes from W (5 valence electrons) .

:An example is N02 (nitrite 1on) .

d) In “HOZO; » three of the O atoms have f.c. -—1 and the other.O atom and the H. atom have :

f c. zero. Since the i ion has a —1 net charge, Z must have f.c. +2. Therefore Z has 6 valence electrons
and comes from { Group VI| ‘An example is HOSO3 (hydrogen sulfate 1on)

3145 The octet rule is satisfied for’ all atoms in these structures. Non—zero formal charges are mdlcated.
B near the atom, and the non-zero overall charges of molecular 1ons are shown outsxde of brackets

R CH—Rew " f_- b) H,—o—cl:‘
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3.47

3.49

. 3.51

.Tip. In Lewis structures, a line equals a pair of dots’, but lines are rarely used for lone pairs.

o | :([5: 3=
O B e [

3

Referring to text Table 3.6, the lengths of the bonds should be: N—H, 1.01 x 10~1° m; N—C,
1.47 x 10719 m; C=0, 1.20 x 10 10 m. The followmg Lewis structure for urea has f.c. zero.on all
atoms . ‘

H :0: H
A
A Lewis structure for'Sg .o
SRS R ‘

The molecule has 48 valence electrons The octet, rule is obeyed on all’ sulfur atoms, and all sulfur .
atoms have f.c. zero. Despite its appearance in the diagram the Sg ring is not planar, but puckered ‘

a) The nitrogen-and boron atoms would both get 4 valence eléctrons if all bonds were broken and

the two electrons from each pair parcelled out evenly between the two atoms that share them. The

mtrogen atom is supposed to have 5 valence electrons, so its formal charge is
on the boron atom, and [zero] m on the rest of the atoms:

. The f.c. is :

. H .F.

41 | |—1,.. ,
H—N—B—F:.

H :F: i

. b) The smgle—bonded 0] atom in each resonance structure has H All other f.c.s are
A double—headed arrow 1ndlcates resonance structures )

B '/651 S St -
H—C—cC > _H—c C o
[ v \.O.f- o -r'r \bi

-1

c¢) The hydrogen carbonate ion has 24 valence electrons The C atom contrxbutes 4, the H atom
contributes 1, and the 3 O atoms contribute 6 each; a final electron comes from elsewhere to make
the overall charge -1 The resonance Lewis structures are

1

[vH ,O.\C ._.1: ) (_—_) vH-_..\C—':.. ] - T

Formal charges on the atoms are [zero ] m except that the smgle bonded O’s have f.c. —1 as 1ndlcated :'
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Tlp. Resonance structures dlffer only in the posrtlons of the electrons A cOmmon error 1s toinclude
a-third structure in which the oxygen atom on the upper left shares two pairs of electrons with the

, central carbon atom and the H atom'is moved onto the oxygen atom at the lower left.- Such a

structure is not a resonance structure, because an atom as well as electrons has moved Resonance
structures always use the same atomic skeleton.

" 'The main resonance structures (others break the octet rule) for N02 1on are

[:'d——N g — :0:; —:O::]

The two N—to—O bonds in thlS ion should be equal in length. The length should be 1ntermed1ate in
length between the lengths of a N-to-O single bond and a N-to-O double bond Take these lengths

. from text Table 3. 6: lbetween 143 A and 1.18 A |

Resonance structures of methyl 1socyanate mclude

oo,o. e S RN ~gv7+1 o'.—.1 .
[H3c —N=C=0 — HC—N-C=0: ¢ H;0—N= C—-—_Q:] '

x> .

' The left structure has f.c. zero on-all atoms; the center structure has fc —1 on the N, fc. +1 on'.

the O and f.c. zero on the other atoms; the nght structure has f.c: +1 on the N, —1 on the O and
zero on all of the other atoms. The predommant resonance contnbutor is the left structure, which
sets f.c. zero on all atoms." :

Tip. The bondmg in the H3C— (methyl) group is not shown expllcrtly It is the same as in methane] g

with’ one of the H’s in methane replaced by the —NCO (1socyanate) group

T1p "The “1so” in the name. “methyl isocyanate” . suggests that the compound is an isomer of

somethlng ‘Here are three resonance structures for the bonding in the compound methyl cyanate,
which contains the exactly the same atoms but bonded ina drfferent order ‘These are not resonance ° -
" structures of the precedlng three : : :

4 o—.i. :,:‘~ : ?";qv,,oo 42 0 =2
[HC—0=C=N Hac—.()_—‘-CEN: ‘—R Hsc——o C—-N:]

a) In ,the structure for PF5, all atoms have formal charge (fc. ’s) of zero. Bondmg on the F atoms‘ L :

‘obeys the octet rule but the P atom possesses an expanded octet (10 electrons)

"b) In the structure for SF4, bondmg on all F atoms obeys the octet rule. The S has an expanded -

octet (10 electrons) All f.c.’s equal 0. . . S S ,
c) In the structure of XeO2Fs, the F atoms and the O atoms obey the octet rule The Xe “sees”

" ~an expanded .octet of 12 electrons All atoms have f.c. zeto.

lpﬂ. ’

- L ‘: .F ! A L :
‘F /" - .\ . . . \ /.."):
>’ oo AL 9 >\..

.. .F. ‘.. N K . 00_‘~ oo ’ : .. -. [ . .."

;o

The Shapes of Molecules. Valence Shell Electron—Pmr Repulsron Theory :

359,

Construct the followmg table based on text Table 3 8 and Flgure 3. 23

3
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SNof A - . Molecular Type . Predicted Shape
.|| X'is a bonded atom; E is a lone pair o .
2 . o AX, , linear :
3. . o AXjy \ trigonal planar. o
o . o AXoE i © | bent- -
4. . . AX, T tetrahedral
o o AXSE trigonal pyramidal
. - AX,E, , - | bent )
5 AXs - , trigonal bipyramidal
; . AXYE ‘ . | distorted see-saw
- ] . -~ AX3E, R distorted T
. ol . -AX5E; linear
6. . AXg - octahedral - R ‘
v 1 , "AXsE square pyramidal T
' - : B AX4E2 square planar; t ‘
S . . oe) oo d ' e - -
o I)? : R
/s sl oGya . g
SNo o F lP\F " o\
. . _ “F -0 - Cl o
tetrahedral trlgonal planar ‘ octahedral ' pyramldal ~ distorted T,

»

~a) In CBr4, the central C atom has SN [4] . There are no lone pairs on the central carbon atom so
~this is an AX4 case. As shown in the table, the molecule is | tetrahedral | ' '

" b) In SO;3, the central S atom has SN[3]and no lone palrs The fact that one or more of the S-to-O
“bonds can be shown in a Lewis structure as a double bond does not affect the steric number The
-sulfur trioxide molecule is | trigonal planar| .- ) T ¢

. 'c) In Ser, the central Se atom has SN @ There’ are no lone palrs on the central Se atom. The

molecule is

d) In OSCl,, the central S:has SN [4] . and one lone palr It is an AX3E case (see the precedlngl .
table). The dlsposmon of the electron pairs about the S is approxxmately tetrahedral: The molecular

geometry however is deﬁned solely by the locations of atoms, the molecule is pyram1dal o

shape.

.a) The molecular ion ICl4 is square planar The central I atom has SN @ whlch means the
. geometry of the electron pairs about the central I is [octahedral | The 2 lone pairs lie opposite each - }
other on the dctahedral pattern, minimizing lone-pair to lone-pa.xr interactions. The 4 Cl atoms. -
, surround the central I atom i in a M fashlon ‘

b) In OF,, the central O atom has SN . The molecule is of the type AX2E2 4" The molecule is

to accommodate the two lone pairs on the O atom The F—O—-F angle should be less than L
- 109. 5° (experimentally it is 103.7°). : . . :

c) In BrO3 , the central Br atom has SN|4] . makmg the molecular type of the molecular ion AX3E

.. The single lone palr on the central Br atom occuples one corner of a tetrahedron about the Br atom."

oo

4Refer to the table in problem 3.59 above o T B i .

e
1
.
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The resulting molecule is pyramldal The presence of the lone pa1r is expected to force the O atoms o
i, together somewhat, so that the O—Br—O angles are less: than 109.5° (expenmentally, 104. 1°)

d) In CSy, the central C atom has SN . Both of the C-to—S bonds are double bonds, but thls '
~ plays no part in figuring the SN, of the C atom The molecule, Wthll is of the type AXg, is

‘ correspondmg to a bond angle of 180°.

Both structures feature a. central atom having SN 3 w1th 2 bonds and 1 lone pa1r VSEPR theory -
- predicts a bent molecule in both cases .

The symbol “B” in the generic formulas in thls problem is equlvalent to the “X” in text. Table 3. 8 .
. and in the solution to problem.3.59 in. th1s manual It is not to be confused with the symbol for -

the element boron. - o
a) Planar AB; -~ BFj, BH3, 803" : b) Pyramrdal AB3 © 'NHa, NF3 RN

c) Bent AB; - ClOz, NO; - . ~d) Planar AB2 .C0o%~ .

. '3.65_. A molecule or molecular ion has a dipole moment when the center of its spatlal drstrlbutlon of
L 'posrtlve charge does.not coincide with the center of its dlstrlbutlon of negative charge. The bondsin
" the listed compounds are all polar. The symmetry of certain molecular shapes however causes the
. vector sum of the individual bond dipoles to equal zero. Thus, CBry (tetrahedral), SO3 (trrgonalj B
" planar), and SeFg (octahedral) are Inon—polar molecules] The molecules-of ICl3 (distorted T) and:

of SOCL (pyramxdal) are less symmetncal and the vector sums of their bond dlpoles are not zero.

v,Theyare E : T S ‘
The fact that the molecule is bent does not help in dec1dmg between the 1somer1c formulatlons :

. _ ) : 140 90 9
- ' ‘N=0—F:! and O—N—F:'

i

Tip. The preceding Lew1s structures include formal charges As in problem 3. 55 Lew1s structures

 with a build-up. of non-zero formal charges are disfavored energetically. . This suggests that .the -
" structure on the r1ght might exist but not the one on the left.. In fact both do exist. The one on the -

right is a colorless gas of reasonable stability named nitrosyl ﬂuonde The one.on the left is hlghly

* -.unstable and has been characterrzed only spectroscopwally .

"'a) The resonance structures

“ can be written for the NNO molecule. When e1ther is con31dered the SN of the central mtrogen ,

i S ;. Ll g N= N—;O' : .N_N——O .‘v' _A.AA AA
| [ e B

~ atom equals two The predlcted molecular geometry is :

‘b) The hnear geometry in » NNO would cause the N—Q and N—N bond drpoles to add vectorlally :
to zero if they were equal in magmtude The observed net dlpole moment means that the two bond - -
dipoles differ in magnitude. The N—O bond should be more polar than the N—N ‘bond because:

- O is more electronegative than N. The of the’ molecule is therefore expected to’ have the

‘ pOSltlve partial charge. '

Ox1datlon Numbers

371

< -

The ox1dat10n numbers are determmed by the standard rules

SrBra Sr+2  Br -1 _Zn(OH)4' Lo Zn+2 0=2 H4+1

SiH; - Si-4 H+1 CaSiO3 Cat+2 Si+4 O -2
Cr,03~ Cr+6 0-2 . || KO . K+1 O0-1/2 =
CsH  Cs+1 H-1 | Cas(PO4)sF Ca+2 P45 O0-2 F -1
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Inorgamc Nomenclature

3.73

- The theme here is the way that s1mple rules on the transfer of valence electrons explaln the formation

of i ionic compounds

. a) Cesium chloride (CsCl) is a compound' between chlorine and cesium. The Lewis symbols for the

elements before and after reaction are Cse + 'Cl- — Cst Cl- -

b) Calcium and astatine form CaAtz, calc1um astatide. Each At atom galns an electron and'the Ca
atom loses two - Car +2 At' — At'_(Ca)2+ At'" :

c¢) Aluminum and sulfur form Aleg, alummum sulﬁde Each S .atom galns two electrons and each

“ Al atom loses three

2-Al- +3 5 R (AP), (¥ ?)z_

d) Potassium and tellurlum form KgTe, potassxum tellurrde Each Te atom gams two electrons and y

-~ each K atom loses one o K° + Te°—> (K)+( Te )2 (K)"'

3.75

3.79

3.81 -

3.83

" e) Cs;S04  cesium sulfate f) KHCO; - potassium hydrogen carbonate '
‘Another name for the last item is potassrum blcarbonate o

Itis probably best Just to memorize the patterns of the nomenclature of srmple 1norgamc compounds '

a) Al,O3 - aluminum oxide b) RbaSe rubldlum selenide
c) (NH4)2S. ammonium sulfide d) Ca(NOs)s calciuth nitrate -

\

- The formulas of the anions come from text Table 3.9.

a) Silver cyanide - AgCN- . b) Calcium hypochlorite - Ca(OCl)g

c) Potassium chromate - K?Cr04' d) Gallium oxide © GagOs3 .
e) Potassium superoxide KO, f) Barium hydrogen carbonate Ba(HCO3),

The phosphate ion has the formula PO4‘ (text Table 3. 9) Tr1sod1um phosphate (TSP) must have-

the formula

The correct systematlc name for TSP is l sodlum phosphate] The preﬁx “tn” is superﬂuous because. _
the phosphate ion always has a charge of —3, and the sodium ion always has a charge of +1 The '
requirement for charge balance then gives the subscripts in the formula. ,
a) SlOz . b) (NH4)2003 C) Pb02 d) P205 e) Calg f) Fe(N03)3
a) Copper(I) sulfide and copper(Il) sulfide =~ b) Sodium sulfate "~

c) Tetraarsenic hexaoxide (or hexoxide) d) Zirconium(IV) chlorlde
e) Dichlorine heptaoxrde or,chlorine(VII) ox1de f) Ga.lhum(l) oxide . .

ADDITIONAL 'PROBLEMS

*3.85

- 3.87

© Re: .

The difference in electronegat1v1t1es of the atoms in HF is 1. 78; the analogous dlﬁerence in LrCl is

~2.18. The two compounds greatly in their bonding according to the evidence of their phys1cal

propertles Lithium chloride is an ionic compound (hlgh boiling, hlgh meltlng), hydrogen fluoride
is a covalent compound (low meltmg, low bolhng) :

a) The critical distance R, in this problem is the pomt in text Flgure 3.13 at which the potentlal
energy curve for the ionic. 1nteract10n crosses the horizontal axis, that is, the value of R at which -
V(R).= 0. . The quantity AEy in- Figure  3.13 equals- the difference between the first ionization
energy of.the alkali metal atom M(g) and the electron affinity of the halogen atom X(g) It is the

energy required to extract an electron from an isolated M(g) atom and place it on an isolated X(g) -
atom. Under the approximation established in the problem, the'decrease in potential energy from
the Coulombic (electrostatlc) attraction between.an M+(g) and X~ (g) becomes equal to AEo at

41 Q2

AEoo = VCoulomb = -

‘
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“The constant €o is 8. 854 % 10~ -12 C2 J- 1 and in-alkali halides, g1 and ) are +1 60218 X 10"19 C'

. and ~1.60218 x 1071 C. Solve the precedmg for R. and substltute the various values

- 3.89

1

3.91

‘g +(2 3071 x 1028 J'm) " -
47reoAE (IE EA) J ‘

. Rc—

A Text Append1x F and other sources glve IE’s and EA’s on a per mole basis. Revxse the precedmg .
- _equation, which applies to a single pair of. particles, to allow the use of IE’s and EA’s in joule per -
. mole. Do this by multlplylng the numerator and denomlnator on the right 51de by Nx - S

(6.022 x.10% mol=1)(2:3071 x 10~28  Jm) , [1.3894 x 10# J m mol!
© = TE-EA) TmolT (IE EA) T mol~?

b) From Appendlx F for LiF, (IE EA) is 520 2— 328 0= 192 2 % 103 J mol" Substitution in -
. the precedmg equatxon gives an R, of | 7.23 x 10~10 J -

v For KBr, (IE EA) equals ! 94.1 % 103 J mol" gwmg RC equal to l 14 8 x10°10 ml

For NaCl, (IE—- 'EA) equals 146.8 x 10% J mol“ , making R, equal to mﬁ x 10710 J

.. The molecule 02 has no single”, double- or trlple-bonded Lewis structure that satisfies the- octet
rule. A double-bonded structure however at least, unlike the others, puts Zero formal charges on

~ both atoms. On this basis, predict that the | bond order is 2. |

- The bond length in double-bonded C, should be close to 1.34 A, ‘which is the bond length given in

" text Table 3.5 for the double bond in 02H4 ‘The value 1.31 A [is consistent | m with this predlctlon, '

bemg only shghtly smaller.

a) A Lewis structure for OPCl in whlch the octet rule is obeyed for all atoms and all atoms have a '

- formal charge of zerois Q= P—Cl‘ B

‘Tip. The oxldatlon nurmbers of the atoms in OPCl are oxygen —2 chlorme —1, phosphorus +3 ~
, The formal charges are zero on all three atoms. The oxidation numbers equal the charge that each

" atom would have if all of the bonds were broken and the electrons in each bond went with the more

-

e

303

;.

, electonegatlve/atom The formal charges equal the charge that each atom would have if all of the
“bonds were broken and the electrons in the bonds were shared equally between ‘the atoms that they o
connected before the break-up » :

b) Three resonance Lew1s structure for OzPCI are glven below In the structure on the left, all
atoms have f.c. zero, but the octet rule is violated on the P atom, which ‘sees 10 -electrons. In the—-

two structures to the right, the octet rule is obeyed for every atom, but formal charges ex1st as
shown All three contrlbute to the “true” bondmg :

) -

[ 7 Cl e ;/_".,C,l-, ..<—> /P 01.\}

oo N o . . o . ."‘—1.

Taken together, the folloyvin'g resonance structures of nitryl chloride _irnply ‘equivalent N-to-O bonds:
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$3.95

397"

. 3.99

a) The Lewis structures are

.

v' T1p Nitryl chloride is a reactive gas that decomposes readily to nitrogen dioxide (see problem 3. 95) -

and chlorine. Despite this, it is named as a salt: nitryl ion, a +1 cion, in combination with chloride
ion, a —1 ion. The following Lewis structure takes up the suggestion of this name by showing ionic

~ bonding to the Cl. Note that the two N-to-O bonds are still equivalent, but the'pair of electrons

prevrously between N-and Cl now belongs entlrely to the Cl. The octet rule is satisfied for all atoms:

O\\+ P
Nk
0"

a) The molecule of nltrogen dioxide has 17 valence electrons. At least one atom cannot achieve an” -

7 octet The followmg four resonance structures are the candidates for best single Lewis structure:

0 +1 —;ll N / . —1 —i;l 0 L] e LX) o N ‘.0. .0. 00.
[:O—-N~Q ¢ :0-—N=0 > -0-N=0 > 0-N—0: ]

" Other candldate structures break the octet rule on more than bne atom or use octet expansion rather !

than octet deficiency. If the N atom is octet- deficient (left two structures); then formal charges build

"up as indicated just above the symbols for the atoms. If an O is octet-deficient (right two structures), .
 all atoms have f.c. zero. The best single structure puts the odd electron on the

b) Four resonance structure can be drawn varying the relatlve positions of the double and single
bonds: :

:O - 0: -1:0¢ ;0:-1 - -1:0: R ¢ 1 ot
N+ \4&1 +1/ . \+\11 +1/ \H +1/
: —N — T N—N_ ' —N o

The xenon atom in the XeF* ion ‘has an octet of electrons but bears a formal charge of +1. In the ,
XeF5 molecule the xenon atom has an expanded octet but a formal charge of zero.

R L R s o
[ | R L

' ’

=S—F: and F__ and - NfF—s:,

" In the first, the formal charges are. (from left to rlght) ~1, +1, and 0. In the second all three atoms

have zero formal charge. In the third, the formal charges are —1, +2, and —1.

' b) The structure having the least separation of formal charge has the central N. The observation of

o ~ acentral S atom is with the hopeful statement that appears in the problem :

- 3.101

¢) The electronegativity of N exceeds that of S; that is, N has a greater tendency than S to accept
electrons in a chemical bond. This |does help explain why the observed structure (the one on the

. left in the preceding) corresponds to a formal build-up of negative charge on the N and formal build-

up of positive charge on the S. Also, the two most electronegatlve atoms (N and F) are separated,

reducing electron-electron repulsrons

a).In SbCIZ~ ion, the central Sb atom has SN 6. It is: surrounded by five bondmg pairs (s1ngle

“bonds to the five chlorxne atoms) and one lone . pair. As an AX;E case,® the molecular jon is

lsqua.re pyramidal |

5See the table on page 27 of thrs Ma.nual
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\ b The central Sb atom in SbCl3 ion has SN . This stenc number is rare. The requrred extension
_ of VSEPR theory is inclusion of SN.7 and other higher SN'’s. In fact, three geometries have been

.- observed for SN 7: pentagonal bipyramidal, capped octahedral (in which the seventh atom occupies -

3,103
' " is therefore based on ‘the |tr1gonal brpyram1d| The real questlon is whether the oxygen atom is

one face of an octahedron surrounding the central atom) and capped trigonal prism (in which the.
seventh atom occupies one rectangular face of a trigonal prism about the central atom)

"The central S atom in F4SO has SN 5 and falls into the class AX5 ‘The geometry of the molecule

equatorial or axial. Putting the double-bonded oxygen atom at an equatorial position minimizes - B

90° interactions with the four fluorine atoms and should be preferred, according to VSEPR theory

- 7. Also, the F—S——F angles will be shghtly less than 90° 120°, and 180°
~:3.105.

. Set up'a coordinate system and pos1t10n the oxygen atom at its ongm Let the y axis b1sect the
angle 0 deﬁned by H———O—H ‘ r

.
1

" The dxpole moments ‘of the two O—H bonds are symbollzed HOH- They parallel the two bonds and - |

3109

'From the formula B15 k
is E Because the ox1dat10n number of Fis —1 by conventlon, the ox1dat10n number of the-As - R
s " The elevated dot in the formula means that SOz is- loosely assoc1ated w1th ‘this salt 1n its -
'sohd state. The oxidation number of Sin 802 is H the oxrdatlon number of O is .
a) The oxxdatlon number of lead in PbO lS +2 in PbOz, it is +4 m Pb0s, +3 1n Pb304, +8/3 S

are represented by vectors (the two arrows) in the diagram. The z components of the vectors oppose

- each other and cancel. The y components pomt in the same direction and add. The magmtude of

the y components is pog cos(6/2), and the sum of the two y components equals the dipole moment

‘ of the molecule as a whole Therefore L : o .

! 0 - . o . ’ .
u(HgO) = 21101{ cos (2) o AL
Compute uon in the case that- u(H20) = 1 86" D by substrtutlon in the precedlng
04 5°

1 8 D = 2,u0H cos <1 ) : from‘which‘ ,. ‘NQH =|1.52 D

the ox1dat10n number (or at least the average ox1dat10n number) of blsmuth o

b) Observe that. the formula “Pby03” is the sum of PbO and Pb02 Perhaps in Pb203 half of the

lead is Pb(II) and half is Pb(IV), as in “(PbO)(PbOz) » Slmllarly, the lead in Pb304 may be 2/3

Pb(11).and 1/3 Pb(IV) as ir “(PbO)g(PbOg) »

R CUMULATIVE PROBLEMS
h 3.111

'a) The element M loses two ‘electrons in formmg compounds, since 1t forms compounds M012 and . :

MO It belongs to | group II|, the alkahne—earth metals

" b) The relatxve molecular mass of MCl, equals the sum of the relatlve masses of the three constltuent z

atoms: T4 2(35 453) =z + 70. 906 where z stands for the relative atomic mass of the element M.
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The ffaction of mass that is chlorine is 0.447. So:
- | oL 10906 R :
) R " o A = — . .
S 0447 = EFT0.906) S e

Solvmg gives x = 87 7. A look at a list of relatwe atom1c masses 1dent1ﬁes M as
a) The elemental analysis reveals that the compound contains F,.Cl, O, and no ‘other elements

. Divide the respect1ve mass percentages by the molar masses of the elements to obtain the relative
" number of moles of each (as in problem 2. 19) .The ratlos correspond to the emp1r1cal formula

s b) The central atom in the molecule Cl03F is certamly the Cl It 1s the least electronegatlve of the

choxces One good Lew1s structureis .. .F. S ‘ o

‘ Tlp. : Th1s structure shows an expanded octet on the central Cl but the formal charges equal zero

.".. on all atoms, which is desirable. Resonance structures can be written in which a pair of electron is

" shifted from one of the double bonds to reside completely on an O. These structures put a formal

- charge of —1 on the oxygen that becomes smgle—bonded to the Cl and a formal charge of -+-1 on the"
- Cl. Doing this with all three oxygen gives a Lewis structure with a formal charge of +3 on the Cl
‘and formal charges of —1 on the oxygens: Such a build-up of formal charge is too’ heavy a price to

pay for attalmng an octet on the CL A Lew1s structure w1th all smgle bonds isa poor answer to
th1s problem : .

/"

E c) The central Cl has a steric number of four VSEPR theory predlcts a structure based on the

tetrahedron. Because F is more electronegatlve than. O, it tends to attract electrons away from the =~
.. central Cl, reducmg the’ electron-parr repulsion and causing the F—C1—O angles to become smaller -
g than tetrahedral whxle the O—Cl——O angles become larger than tetrahedral ‘

3

-
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Chapter 4

Introduct1on to Quantum Mechamcs

\
1

Prehmlnarles Wave Motion and nght : o R

4.1 . The speed of propagatlon of a wave equals its frequency multlplled by its wavelength A wave-crest '
" hits the beach once every 3.2 s, which means that shghtly less than one-third of a wave reaches the -
. . beach per second. - More exactly, the frequency of these waves equals the reciprocal of 3.2 s, which
is 0. 3125 571, Multxply th1s frequency by the wavelength which is; g1ven, to obtaln the speed of the".
waves - »

‘a‘_. AT speed——u)\f (21m)

- ‘Tlp This problem quotes the durat1on between 1dent1cal recurrmg points on-a wave. ThlS 1nterval'_. '

of time is'the period of the wave. The per1od equals the reciprocal of the frequency. )
4.3  .The speed of propagatmn of electromagnetlc radiation (light) through a vacuum is symbolized .c. It '

" equals 299792458 m s7! exactly.! As with all other traveling waves, the speed of propagatlon of FM o

o radlo waves equals the product of its Wa.velength and frequency ¢ = Av: Hence

,‘(vc 29979 x 108 ms=1 SR
)"_.;—_986x107 —1 m B

5 .

!

- 4.5 a) | Solve c= /\V for V, the frequency and substitute

S - - S ‘. e 29979><108ms'
TR L YEXT T eooxim oo x10°

/ , b) The tlme for a wave to travel a dlstance d equa.ls the dlstance d1v1ded by the speed of the wave. |
g These electromagnetlc waves advance at the known speed c. Hence ; : . '

’d“' 80x101° 1.min\
= - 4.4 min |
t c 300x108ms‘1 60s) m

: 47 The wavelength of the sound waves can be determmed from their frequency and. speed of propagatlon .

¥ e i

S _speed 3435ms.
A= . 26165—1_ 1313m

V’.

B

- The time required to travel 300mis = - - ]’_ '

e 34§2°m‘

speed

LThis valie is ezact because the meter is now defined as the dxstance travelled by hght in vacuum durlng a time mterval of
_ 1/299792458 ofasecond , , o v S . Co .

i

R S 34 _ L .
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Evidence for Energy Quantxzatmn in Atoms

4.9 .

4.11
413

. 4.15

417

';The A is 589.3 nm (or 5.893 x 10~7 m) Substltutlon of the values of )\ h and ¢ gives.

‘Solve the equation given in the problem for the temperature T in terms of Amax and then substltute
. Note that k and kB both serve to symbolize the Boltzmann constant. ' »

10.20 hc 0. 20 (6.626 x 10=34 J §)(2.9979 x 10° m s1)
k8 Mmax ~ (1.38066 x 10~23 J K- l)(1 05 x 103 m)

J -1
L
The existence of this radiation supports the “hot big bang” theory of the orlgln of the unlverse -

The Wavelength 671 nm is 6.71 x 10~7 m. Text Figure 4.3 shows that light of this wavelength is M .

Compute the frequency correspondlng to this trans1t10n energy in the barlum atom us1ng the Planck
equation AE hv' : :

_AE _ 36% 1079 5
ok -6.626 x 10734 J s

—543><1014 -1

.‘The wavelength equals the speed of propagatlon d1v1ded by the frequency

= £ 210 '
ST T ha3x ol s = 05X 107
Accordlng to text Flgure 4.3, thls wavelength of llght is [green|.

a) The energy change that an atom of sodlum (or of anythmg else) experiences as it emlts a quantum

- of radiation is inversely related to the wavelength Xof the radiation

hc.

AENa =7

—(6.626 x 10~3 J 5)(2.998 x 108 m s~
5.893x 10~ m

The negat1ve sign means that the final energy of the sod1um atom is less than'its orlglnal energy.
b) A 'mole of sod1um atoms, consmts of Avogadro s number of sodlum atoms The energy change per

AENa = = | ~3. 371 x 10—19 3|

‘mole is -

—3.371 % 10—19J> (6 022 % 108 atom

wtom — ) = | —2.030 105 J — [

AI;Na. - <

c) The sodium arc hght is supposed to emlt energy at the rate of 1000 W (watt), which is 1000 J CREN

- at the D-line. Then

o 1000 J 1molNa \ - _‘3 .
,‘nNafISX.< s )<+2030x105J)7—|4'926><10' molNal,

’

The observed voltage of the first excitation threshold in the Franck-Hertz experlment on Na atoms

- equals 2 103 V. This means that an electron accelerated across a potentlal difference of 2.103 V. is’
- just energetlc enough to transfer a quantum of energy to a ground-state Na atom, which does not

accept smaller quanta of energy. The change in the energy of the Na atom that accepts the quantum

" of energy equals the acceleratlng voltage multiplied by the charge on the electron

' AENa‘=.(2.1'O3 V)(1.602177 x 10719 Q) = 3.3694 x 1071 VC = 3.3604 x 10719 J

'
'
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Later, the exmted Na atom spontaneously em1ts a quantum of light as it relaxes to its orlglnal state
. Its AE during the relaxation equa.ls the negatlve of its AE dunng the. exc1tat10n The wavelength of
the light that’ it emits is . . : : . o

oy

. he.  (6.626 x 10-34 J s)(2 9979 x 108 ms~

= -7, | _ reor A- . -
SABn, ¢ - —(-33694x 107 J) “l5'895 x 10 ‘ml 5895 A

‘ Tlp. The answer is qulte close to 5893 A (589.3 nm), the center of the close-spaced doublet mentloned
- in problem 4.15. 'The wavelengths of the lines making up this doublet have been precisely measured.
In air, they are 5890.00 A and 5895.98 A, which have an average of’ 5892.99°A (589.299 nm). These
- wavelengths differ from the wavelengths measured in a vacuum because the speed of hght is sllghtly
-~ slower in air than in a vacuum. : A

o The Bohr Model: Pred1ctmg Discrete Energy Levels

‘4. 19 The B+ ion is a hydrogen—hke ion. Like H, it has only one electron Unhke H, its atomlc number

g e en

AT 5 (correspondmg to a nuclear charge of +5 e), not 1. It is also in the n'= 3 excited state. This
.state is a higher energy state than the n = 1 state, which is the ground state. Substitute this Z and -
the n= 3 into text equat1ons 4 12 and 4 14a, wh1ch arise from. the Bohr model and whrch are

 tas= —(5.29 X 10-11 m)' and‘. E, = -(2 18 x. 10-18 J) =

- .'The radlus and energy of the B4+ jon in 1ts n= 3 state equal - S

C g = —(5.‘29 x 1071 m) = | 9.52 10—11 mJ : (2 18 x 10-18 J) re 06 x 10-18 7]

The negatlve of-the second answer is the 1nput of energy needed to remove the electron from a s1ngle
B jon in itsn=3 state Mult1ply by Avogadro s number to put thlS on the ba515 of a mole of B4+
. loms

AE'=

—(—6 06 x 10‘1»8 J) N (6 022 x 1023 atom

o o > ‘ [3 65 x 106 J mol'J

,The energy change ina B4"‘ ion, undergorng the 3—2 transmon equals the dlﬂerence between the | ‘
- energles of the two states The two energres are .

By=- (2 18%1078 ) = —§(2-18>< ey
By = (2 18 x 10—18 J) ——(2 18 x10793)

The 1nv101able conventlon in gettxng a dlfference (a A) is to subtract the mltlal value from the ﬁnal o
. value. Do the subtractlon : ' :

AE3_,2 = E2 - E3 (% - T) (2 18 x 10—18 J) —7 57 x 10-18 J

: Th1s change in energy is negat1ve because the B4+ ion loses energy. It relaxes from the higher. energy -

" state to the lower. The further transition 2 — 1.would cause the i fon to lose more energy, relaxmg o
- into its ground state, from which it can relax no further.-. ‘ ‘

o " The energy gained by the surroundlngs in the form of a photon in the 3 2 trans1txon is +7. 57 X .
. 10’18 J. D1v1d1ng by h glves the frequency of the photon '

YETRS 6,626x10—34.J |114X10 .

/.

'
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4.21

The wavelength of the photon is

PUSEA 1 10.E L u
= —-—= - L= 2. 1 .
A= 0T Tuax ol s 63 107" m

. Text 'equation'4.14a‘giv‘es the energy of hydrogen—llke ions in their different allowed'quantum st‘at’es

B, = (-2.18 x 10718 J)Z—

Use this equatlon to compute the dlfference between the energy of the Li?* ion in its n = 3 and its
n = 2 state. Set Z = 3 because "¥3 is the nuclear charge of lithium. The initial state is n = 3 and

the final state is n = 2 As always, subtract the initial value from the final value ' P

32

'2
AE=E,— By = (<2.18'X 10-18 J) ( -3

) =—2.725 x 10718 J

The negatrve answer means that the ion loses energy This energy appears in the surroundmgs in the

- form of a photon. Flgure the wavelength of the photon

he (6 626.x.107%* J 5)(2.9979 x 108 m s~1)

. -" _ - 9
ASRET T TSRTB XY |7290X10

Light of this wavelength is in the part of the spectrum o -

Tip. The Wavelength of the 3 — 2 emission in hydrogen (656.1 nm) was given but not used. Havmg

it allows a quicker answer as follows: the 3 —.2 transition for the H-atom (Z = 1) has its AE

proportional to 1* x (1/2% — 1/3%) while the 3 — 2 transition for the Li>* ion (Z = 3) has its AE
proportional to'32 x (1/2% — 1/32). The AE is obv1ously 9 times larger in the Li®* case. Therefore

" ‘the wavelength of the emitted light in the Li** ion’s 3 — 2 transmon is 9 tlmes shorter than 656.1
" nm. This is (656 1/9) nm or 72. 90 nm. ~ :

Evrdence for Wave-Particle’ Duahty

- 4.23

- average kinetic energy

4.25

this. [No visible light I will eject electrons from selenium.

Blue light has a hlgher frequency than green hght (see text Figure 4.3). Photons of blue light are
therefore more energetic than photons of green light. Inasmuch as the work function of the surface

of the potassium is the same for both colors of llght the l electrons ejected by blue hgﬂ have hrgher .

Combine the relationships ¢ = - w and F = hl/ to obtaln an equatlon for the Wavelength of hght in’

terms of its energy. "Then replace E with the work function of cesium, which is the mlnlmum energy - - -

needed to eJect electrons from a surface made of that metal

¢ hc_ (6.626x 10~ 34Js)(300x108ms ) -
AT E .' 343X 101 ] 805 10”

Thls result is the mazimum wavelength of light that can eject electrons from a cesium surface in the ’

" photoelectric experlment Light of this wavelength is (see text Flgure 4. 3) Light of shorter '

wavelengths, such as lgreen, blue, indigo, v1olet| also works

For selemum, the work function is larger (more energy is requlred to eject electrons)

_ (6626 x 10~ 34Js)(300x108ms 1
E ST 9.5x 10719]

_21><10-7

This maximum wavelength is well into the ultrav1olet All visible llght has longer wavelengths than -

)
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j 4.27 a) The photoelectnc experiment is performed w1th a chromlum surface and 250 nm: radxatlon Useh

text equatlon 4.18

. B = hv = @—hyc-;cp

(6626x1o-34Js)(300x108ms oo
—7.21. =|7.4%x107¢

— _\‘250x107 — 7 ><10 J"7 x10 J

' b) The kmetlc energy T ofa pa.rt1cle depends on its speed and mass: T -.‘;mv2 Solve this equatlon

for v, substltute Emx from the previous part for T, and 1nsert the mass of the electron :

/27’ /‘2‘Emax 2(0.74 x 10-19 J) —
v=" \/9109x10 T kg [40><10 ms~ J
' Tlp ThlS speed is less than 0 2% of the speed of light, so relat1vrstlc effects (not mentloned in thls
chapter of the text) are safely 1gnored :

L

The Schrodmger Equatron , , : v »
- 4.29 The wave in a gultar strmg isa standmg wave. Its allowed wavelength satrsﬁes the equa.tlon .
in whlch L is the length of the strlng and n is an mteger

-_ ‘a) The ﬁrst and third harmonlcs have n= 1 and n= 3 respectlvely Substltutlon in the precedlng '
equatxon glves .

- .. : : i . 2
AI 1 2(501cm) R A3 - %{ =1 (503cm) 33 om
» b) The number of nodes ina standmg wave in a- v1brat1ng strmg that is ﬁxed at both ends i is always'

" one less than the number of the harmonic; the third harmomc has S ,‘ =

-4.31 The deBroglle wavelength Xof an obJect isgivenby A=h / D where p is the momentum of the ob_]ect
IR The momentum of an obJect equals its mass multlphed by its veloc1ty

. a) For an electron movmg at 1.00 X 103 m s~ 1.

'}‘e—;_'mev (911><10 31kg)(100><103 —1) g L

> L [

b) For a proton movmg at the same speed

‘h" 626x10“34Js

0],
(1 673 >< 10-—27 kg)(l 00 x 103 m s—l) -—I3 96 X 10 | ,

'Xp=.f

"4

= c) A speed of 75 km h" ‘is- equlvalent to 20 8 m 's“1 (multlply by 1000 m km‘ and then d1v1de by
3600 5 h‘l) A 145 g baseball has a mass of 0.145 kg. S L

R S 6626x10‘34Js S
oat = TS kg)(zosms—l) ‘ 22“0 _

(mv) ball

.

4.33 a) A moving electron has a wavelength that depends mversely on its momentum (the DeBroglxe
‘ relat1onsh1p) The momentum in turn depends on the kinetic energy T
. o - Ne pe . mev \/2m——e7- . ‘ ‘l ‘ |
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7 4.35

- by the equatron

' Assume thxs to be a ﬁrst-order d1ffracted beam Then n is 1 and the spacmg is]2.3 x 10"10 X

- b) The wavelength of electrons havmg energles of 90 eV is .

: ’ 1 b —10 .
et e ._arcsm<(1)(1 293 x 10 m)> el

The wave property of. electrons allows them to be dlﬁ'racted Use the precedmg equatlon to ﬁgure
out the wavelength of the electron ‘when its kxnet1c energy i$ 45 ev :

. ~34 o '
6.626 x 10-34 J s —1828x10"1° Ts
\/2 9.11 x 10731 kg)(45 eV)(1.602 x 1019 J V- 1) CVkgJ .
L . - .
—1828><10-1° (kg m?57%) s =18x100m

kgl/2 (kg1/2 ms-1)

The LEED (low-energy electron dlffractron) expenment is a modern version of the Davxsson—Germer
experiment. A beam of low-energy electrons hits the surface of a crystalline specimen at right angles )
to the surface. Diffracted electrons come back from the surface at various angles. relative to the
in-coming beam and are reglstered by a detector The angles are related to the electron wavelength

Dsin ¢F NAe

- where n is the order of the dlffractlon (an integer) and D is the crystal spacing, the atom—to—atom
- distance: along the lines of atoms on the surface that are causmg the dlffractxon Solve for D and
_substltute the glven @, whlch is 53°

e 188X100m Croy
D“?’sin¢ =P emege o (39X 107 Tm)

34 . S S
6.626x 10734 J 5 {903 51010
\/2 (911 x 10-91 kg)(90 eV)(l 602 x 10197 eV A
Solve Dsm¢ = n)\ for K and substxtute for D and /\ ’

e

9= arc?‘n 2.289 x 10-10 m

N R

Tlp. The 90 eV electron in part b) has double the energy of the 45 eV electron in part a) Notrce_ .

that its wavelength equals the wavelength of the 45 eV electron d1v1ded by V2.
a) Accordmg to the Helsenberg uncertamty prmcxple

o a1y
-(A:r)(A:D)Z ~—-‘. hence: Apmm ( Am),

The minimum uncertamty in the momentum of the electron is then -

o 6626x1o—34Js 6626 % 10~ kg m?s~2s - o
min‘= ='0. 1_‘_261{ -1
Prin = (10X 109 m) . 4r(1.0 % 10-% m) 521 x 107" kg m s

Compute the minimum uncertarnty in the velocity usxng the deﬁmtlon of 11near momentum It'is the o

product of veloclty and mass
' . Apmin _ (527 x 10-'26’kg m s—l
me — 0dlx10Tkg-

A'Umm =

) - | 5:8x 10* m s~

B b) The minimum uncertamty in the momentum of a He atom is the same as for an ‘electron. Com-
'putmg the minimum uncertamty of the velocrty requ1res the mass of a hehum atom, whlch can be

2Note that this equat!on differs from Bragg s law (text equatxon 4. 24)

B
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_ computed from the molar mnass of He (by d1v1dmg 1t by Avogadro s number) or looked up. It is
‘6. 647 X 10"27 kg Substltutlon then gives ' o ‘

Apui . 5.27% 10~ kgms —
Al”f““ T T 67X 10T kg. ,

MHe

: ,Quantum Mechamcs of Partlcle-m-Box Models s

4 37 . The allowed energies of a. partlcle ina one—dlmensxonal box : are given by text equatlon 4 37

h2 2
n= 8mL? .

- -The partrcle in thls case is an electron so m is known. The “box” isa bond that is .34 A long
Convert all quantltles to SI umts, substltute in the equatlon, and evaluate

. E _n( : (6626><10-34Js)2

i 2 —18
8(9.109 x 10-31 kg) (1.34 x 10-10 )2> - (33 30 x 10 5.

Substltutlon of n=1, 2 3 glves :

E 336x10—183 B =134 x 107# | 134x10‘18.] B =[302x107% 3]
To. excite the electron from n = 1 (the ground state) ton =2 (the first excited state) requlres ’

"energy equal to the difference between E; and E2 If thls energy is supplled by one photon, then the
wavelength of the photon must- be o

SR, ~34 8 . ‘ ‘,
N he _ (6. 626'x 10734 J s)(2 9979 x 108 m s~ ) (198 x 10 m
E2—E1 . (134x10 18 - 3.36 x 10—18) J ; — :
-Thrs wavelength 198 A occurs ih the ultravrolet region of the spectrum

Tip. In the formula for the allowed .energies, | the quantum number 1 appears along w1th a quantity .
characterizing the universe (Planck’s constant h), a quantity characterlzmg the particle (1ts mass 1m),
, vand a quantity characterizing the boz (1ts length L). E Y

. Wave Functlons for. Partlcles in Two- and Three-Dlmensmnal Boxes SRR e

: -4.39 The Schrodmger wave equatlon for a partlcle movmg m two—dlmensxonal space is .

2 32 82
ot (B ) v -

. the partlcle is’ conﬁned inside a square two-dlmensmnal box, this becomes

.. —h* 82’(/) ) 62 3
(T ) s

because Vz, y) is zero 1nsrde the box and infinite outsrde of the box One solves thls differential
“equation by the separation of variables, as explained in the text. Solutions to differential equations
- are functions (instead of numbers). The functions depend on z and y in this case and have the form -

Y(z, y) = \/ — sin (nxzx) sin (nyzry) - T, Ty =‘1, 2, 3... |
“'in whlch nx and ny are quantum numbers and. L'is the length of the sxde of the square box Thls
: functlon appears in a slrghtly dlfferent form as- Equatlon 4. 41 on text page 178.

i
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4.41

Tlp The sets of wave-functions descrlbmg a single particle confined along a hne (a1-d box) w1thm
a square (a 2-d box) and within a cube (a 3-d box) are respectlvely

» ¢(x) : t/:‘sin)(nzzx)’ | , naD =1,23 RS L .’
| 1/1($, y) = \/‘sm (n,;;rx) sln (nygry) n;,‘ ny = 1, 2,3 o o
)= () (o () 23

Study the s1mllar1t1es and’ dlfferences among these three sets of wave-functlons

a) The task is to compare w(x y) when n, = 2 and n, = 1 with (z,y) when n, = 1 and ny = 2and’
conﬁrm that the two states are degenerate (have exactly the same energy) erte the wave-functlons.

’Inspectlon reveals that the two functlons are 1dent1cal except that the z and the y are sw1tched Such :
. an exchange corresponds to switching the labels on the edges of the square box. But the two edges are.

symmetrically equivalent. They-are physically 1ndlst1ngu1shable in-all respects (such as their length
L). Since the two wave-functions are the same except for the1r assxgned labels, they have the same

~ energy. They are degenerate.

Another way to confirm that these two wave-functlons are degenerate is to use the formula for the o

energy of a partlcle conﬁned in' this kind of box . ) RN
_ ©o '

Enzyny (n + ny)

h2
gmL?’

. Clearly the energy is the same whether ns = 2 and Ny = 1 or n, = 1 and ny = 2.

Tip. The equation for the energy “of a particle in this enclosure (a two-dimensional square box) is . -

. _easily derlved from the equation for the energy-of a partlcle in a three—d1mens1onal cubi¢ box (text-

equation 4.39) by setting n, equal to zero.
b) Exchanging z-and y in 1»; and %13 corresponds to a 90° rotatlon of graphs of the two functlons

.. But making such exchanges converts ;. into wu and vice versa.-

c) Exchanging = and y as labels on our drawmgs or as subscripts in calculatlons cannot. alter the
energy of the confined partlcle, which is a physically observablé quantxty ' -

‘Tip. Think* about variations of the problem For example, what about a partlcle conﬁned in a

two—dlmenswnal rectangular box? A rectangular box has distinguishable sides because the sides L,
and L, differ. What is the formula for the quantized energy of the confined particle then?

‘One must ‘write down the 1/1222 (z,y, z) wave-function to consider it. Do this by substituting the three
_quantum numbers into the general form of the wave-function for -a part1cle in a cubical, box that
appears in problem 4 39 and as text equatlon 4,42 :

' . : T8 ‘,-271":1: 27y . 27wz
I | 't/)222(x,y,z)= _L—3's1‘n L sin 3 s1n- L

.
\

a) This wave-functlon depends on z according to sxn(21rz/L) If z changes from 0. 75L to 0.25L and

‘everythlng else stays the same, the wave-function i is multiplied through by —1. This is because

sin 2__7((0L75L) ng70°=—1 but sin lOLZS—L) sin 90°_+1 : T\
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" b) Agam consider s1n(21rz/L) the z part of 1/)222, but now 1nsert z= O 5L. The result is sinm = 0.
This means that the 222 wave-function is zero everywhere in the z= 0 5L plane Thrs plane is a

node of 1,0222, whlch consequently in the plane.

"-ADDITIONAL PROBLEMS

445

.4 43 The wavelength is the speed of the wave d1v1ded by its frequency

14

.A..Speed 313(;” =[0780m] -

D1v1d1ng the dlstance by the speed gives the time. The 10.0 m trip takes [0.0292 s] ‘

.As an object is. heated the wavelength at ‘which it emits light with maximum 1ntens1ty becomes

‘ shorter “Amax = 0. 20hc/kpT, see problem’ 4.47. -This would seem to predict a shift from red to

-, - orange to yellow to green to blue in the perceived color. However, as higher T brings the wavelength of -
: max1mum intensity into the yellow-green and green, which are at the center of the visible portion of the

N

spectrum, emission becomes intense at all visible wavelengths. The intensities at green wavelengths:
are the greatest, but emissions at other wavelengths are enough to make' the object glow white.

L 'Rarsmg the temperature even more lowers intensities in the red while raising them in- the blue. The -
* result is white light with a blue cast: a blue—whlte star is hotter than a white star. o

447

The problem gives a formula for the wavelength of the maximum 1ntensrty of blackbody radlatmn as

"a function of the absolute temperature. Solve the formula for T' and substitute the given wavelength

449

451

Planck’s constant "the speed of hght and the Boltzmann constant 8 Take ‘care w1th the umts

| 020kt 0.20(6.626 x 10-3 J 8)(3.00 x'10° m 5 1 - ‘3‘, :
TR = 2x10° K|
T= kBAmx B (133x10—23JK 1)(4650><10-9 m) .6 x 10 K

The energy of the photon is suﬁicrent to overcome the work functlon & of the ‘nickel surface (pry an .

) electron- loose) and kick the electron out with kmetlc energy as large as7. 04 x 10‘19 J.

- —-34 8. -1 ' -
| .<r> ((662§X1013f:)1(3090><10 ms )) 704x10“19J— 81x10-19.1

‘The Lyman series-is emltted as hydrogen atoms undergo transitions from electromc exc1ted states

‘n=2,3,4...to the ground state n=1. The energles of the emltted photons are.

e

L mmea( e

: where 1 Ry equals 2. 18 X 10'18 J, and nl is the quantum number of the excited state To be absorbed
'by a ground—state Het i ion, the incoming photon must have exactly the energy. requrred to exc1te the
"jon from 1ts n= 1 state to 1ts n= 2 3 4 state These ¢ energres are © - oo T e e

)
- N

En (Hef)=Z}2{e+ (n—lz—;{fz‘) .Rvy=4(22) (--n—?> Ry R

f ! ' K

' Is there any combmatron of posmve whole numbers i and ng that makes these two energxes equal"

3The Boltzmann constant is represented both by k and by kB
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1

. 4.53

To find out, subtract the E, (H) from En (.He‘i‘) and lset the difference equal to zero
- a1 1
E (He+)—E (H) =22 <1——> Ry — 12 (1—5—) Ry

ng i

T . ng /. -

nf' ) n

' 1

. The ri'ght side of the last equation varies between 37 and 3 as 'ni'~varie's across its range of allowed

values, which comprises the integers from +2 to infinity. The'left side is always equal to or less
than 1 as n; takes on its allowed values, which are also the mtegers from +2 to infinity. Because no

vcombmatlon of allowed n’s can make the equation valid, the answer to the questlon is

Bohr’s quantlzatlon condition states that the angular momentum of an orbiting body is quantlze'd in

- units of h/27.. The mass of the earth m, its velocity v in’orbit, and the radius r of its orbit are all

' Note that one J s is the same as one kg m? s-

. glven in SI units. The orbital angular momentum of the earth is the product of these three quantmes,

and is quantlzed in units of h/ 27r

i

L —-mvr—(60x1024 kg)(30x104ms"1)(15><1011 m)—27x104° kgm s7L.

2T . .
2 ~ 1040 -1 74| SRR
= 5626 < 10= 34J (2.7x,10 kgms )——26><10 Co S

-1

,s0nisa pure humber (that is, without units). Since

s ‘truly huge, +1i in n has on the angular momentum of the earth in its orbit.

- 4.55

a). The defining "equations for the kinetic energy 7 of a particle and its momentum pare.

: ,- . . N g . ..’ i R .. o " .
T=1imv® = and p=mv - . ERERE

where m and v stand for mass and velocity. Combining these two deﬁnitions gives .
m2v? 2

T= =2 -from which' ) p=.v2m7‘,r

2m . 2m. |

" .The problem glVes the mdetermmacy in the kmetlc energy of an electron in terms of a range Use

the. precedmg to compute the momentum of the electron at each end of thxs range

\/2m7i \/2 (9 109 x 105 kg)(l 59 x 10719 J) = 5.382 x 107%° kg ms~
= \/2m7§ \/2 (9-109 x 10-31 kg)(1.61 x 10-19. J) = 5.416 x 10-2 kg ms”

- .The d1fference between' po and py is the 1ndeterm1nacy in the momentum of thls electron Ap =

0.034 x-10725 kg m s~1. Now write the Heisenberg 1ndetermmacy prlnc1ple for position/ momentum,

_ msert ‘this Ap and compute Ax, the lndetermlnacy in the p051t10n of thls electron

Ch/am 6.626x 10~ J s —|16x10-8 16A]

Az > ‘ e
¥ = "Ap 47r(0034x10‘25kgms"1) SR

. This is the minimum 1ndetermmacy in the pos1t10n of this electron The 1ndetermmacy naturally '

might exceed this value (because. of experlmental difficulties in the electron S posmon), but even a,

. ﬂawless experlment cannot lower the mdetern’nnacy - . Sy,
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the stream of photons causes on this sa11

The rate of collision_s T is w_hat the problem asks for. Compute it as follows

L -Solutibns Manual TO ACCOMPANY Principles of Modern Chemistry, 7th Edition

b) The mass of a hehum atom is 6. 647 x 10_27 kg 4 The 1ndeterm1nacy in the momentum ofa hehum ‘
atom w1th the same AT as the electron in the prev1ous part is-

Ap /2(6.647 x 1027 kg)(l 61 x 10-19 J) \/2(6 647 x 10-27 kg)(l 59 x 10—19 J)
_0029><10_23kgms =1 o -’ .

The Ap of the hehum atom is larger than the Ap of the electron because of the larger mass of the

helium atom. The. 1ndeterm1nacy in the posmon of the hellum atom will be proportxonately smaller ’

h/47r 7 6.626% 1073 J g/

z >
Az Ap 47r(0.029 X102 kg m 51

)= | 19 x 10—10 m = 0.019 4|

Photons have no mass (m), but they do have momentum (p). They exert a force on a obJect when .
they strike it and bounce off, Just as the molecules of a gas exert a force on the walls of their container

. (see text Section 9 5) Convert the photonic pressure of 10~ -5 atm to. SI units (newtons per square
'meter) : ~ e :

5 -2 _— ' ,
S P= 10*6 atm x ( 1,‘01325 :tln(l Nom ) ,=,1.01325 x 107! N r,n"2

Imagine that the sall has an area of 1 cm2 Use the deﬁmtlon of pressure to compute the force that

104 em?
=1. 01325 x 1075 N — 1. 01325 X 10-5 kg m s~

F= PA—(101325x10“1Nm'2)(1cm (ﬂ——) o

h where the'last equahty uses the definition of a newton in base SI unlts (text Append1x B) The =
' 'momentum of a 6000 A photon is : ;

b G626x10°% s ikgm?s2\ .
=5 = | =1.104 x 1072 kg m s7*
AT 6000 X 10 m < J _),110><0_.kgms.

’

If a photon strlkes the sail. perpendlcularly and is not absorbed by the material of the sail, 1ts o
momentum is reversed in direction’ but unchanged in magmtude Because momentum is a vector )

quantlty, ‘the’ change in momentum’is- C ) ST,

Ap p2—p1= [(1 104 x 10-27) - ( 1.104 x 10—27)] kg ms” _.2 208 x 10-27 kg m s*l _

.

The sall experlences an equal change in momentum in the Gther d1rect1on (momentum is conserved '

“in‘the colhslon) According to Newton’s second law, the force on an object equals its change in
. momentum per unit time. Many photons strike the sarloper unit time. The force on the sail. equals

1ts change in momentum pet colhs1on multlphed by the rate at whxch the photons collide. -

" F= Ap (change in momentum per collls1on) XT (number'of collisions per umt tlme)
R ) \ .

. . r. - _5 . - _2 ° : .
_F _1012%x 10 kgms™? e
CAp. 2208 x1072T kgm s s

" 4See text Table 19.1.

'
T
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4. 59 Copy the wave—functlon for a partlcle in a one—dlmensmnal box (given in the problem) lettlng n= 2
and Iettlng the length of the box equal 1 unit (L = 1)

2 | .
) 1/,2 = ”‘f sin 27m: = V/2sin 27z

Lettlng L=1 de-clutters the mathematlcs but does not affect the shapes of the functlons which are

- the subJect of the problem The shape of 1, appears in text Figure 4.26 (b) on text page 172. As .

_ the figure shows, 1 has'a node at z = — . The node appears because V2sin 27z equals zero if x = l

i - (recall that sinm = sin180° = 0). The wave—functlon 2 has a maximum at z = Z and a mlmmum

“at z = 3 because the sine function has a maximum at m/2 = 90° and a minimum at,37/2 = 270°.

, The square of the wave-function is proportlonal to the probability of ﬁndlng the particle at dxfferent
valuesof z. As text Figure 4.26 (c) shows, the function (1/)2) equals zeroat z = 5 1 and has symmetrical
maxima at £ = 3 and 3. Inspection of the figure (or con51derat10n of the symmetry of the sine-squared
functlon) shows that the region between z =0 and z = 3 accounts for one-fourth of the area under the .

curve. Since the probablhty is 1 that the partlcle is in the box somewhere, the. answer is’ 4 x1= .

‘Tip. The same answer is obtalned by mtegratmg (1112)2 and’ evaluatlng the 1ntegra1 over the mterval
z=0tozx=1 / 4 :

e 1/4 : SV : l
- probability = / (1/12)2 dm = / (\/— sin 27r:z:) dz =2 / sin? 2z dx
L Jo o ‘ o Jo

'From a table of integrals

.2 z sin2ax
sin‘azxdr = < —
. .. 2 4a‘

‘After s'ubstitl‘ltingia = 271', e\}alﬁation of the inte'gral follbvgrs _the procedure explained in calculus books

sin(4m :1:) e=1/4 -

'.ﬂ-‘:z:O

—sinmt |, —sin0 |1 w1 N
[( ) ( Br )] =2[5-oro-d =7

probablhty =2
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Quantum Mechanlcs and Atomlc
Structure |

The Hydrogen Atom ‘ o : .
‘ a) | Not allowed |; £ must be less than .o b) Allowed ThlS specxﬁes a 3p electron

-'c)Hasm>€ which is | not allowed| d)Has£<0M

Tip. Use the physical 51gn1ﬁcance of’ the rules as a memory aide: (n —'1) equals the total number -
_ of nodes possessed by the wave-function, and £ equals the number of angular nodes. Obviously the
“‘number of angular nodes cannot exceed the number of all nodes, so £ has (n — 1) as its'maximum. ,
_"The minimum for £ is zero because “—1' angular nodes” has no ‘physical meaning. The’ quantum.

5.1

5.3 -

" B.5

BT

‘

number m relates to the spatial orlentatlon of the angular nodes. It has 2¢ 4 1 possible values: the -
positive mtegers up. to and including ¢, the negatlve integers down to and including —¢, and zero. The
quantum number m, must equal either +2 or ——, reflecting the fact that the's sp1n angular momentum -

- of the electron has only two quantum states.

' Tlp Radial nodes are associated w1th the radial part of a Wave-functmn Radlal nodes are spherrcal

Angular nodes are associated with the angular part of a wave-function. They are flat surfaces (planes) :
or ‘curved surfaces other than spheres.’ The radial parts. of various H-atom wave-functwns are sym-

bolized Rpe(r) in text Table 5.2; the angular parts are symbolized Y (6, ©). A whole wave-functlon
' _,1,[1(1',0 , ) consists_ of the product ofa rad1a1 part and an angular part -

a)dp b) 2s c)6f

The total number of nodes is one less than’ the quantum nurnber n. The number of angular nodes
equals the quantum number £, which is obtamed by decodmg the s, p, d f notation; as explamed in"

_ text Section 5.1. , .
~a) 4p: 2 radial.and 1 angular _ b) 2s 1 radial and 0 angular ¢)6 f '2 radial and 3 'angular o

The wave function 1,[12,,, is the product of a radial part Ryp- and an angular part Y,,.. The two parts -

; of the functions are given in text Table 5. 2. Multlply the two parts ‘and then simplify ..

E ‘_'v,/,z?z =(Yp) (Rzp)=[<%>l/2 cos 0] [2\1/_ (Z‘)B/z (f:) exp( Zr/2ao)].

R, v 1'1/223/2'.“Zr
SRR —(52—7;) <a> ces&(a—o> exp( Zr/2ao)

The radlal part of the function contributes the dependence on r; the angular part contrlbutes the

. dependence on _cpsQ Th1s particular orbital has no dependence on ‘the third coordinate . The "

.
. N

46
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Shell Model for Many-Electron Atoms

probab1l1ty pof ﬁndmg an electron in the close v1c1n1ty of a pomt1 spec1ﬁed by the’ coordlnates r,g

: and 2 is glven by the square of thls funct1on \

p(r,él QO) (¢2p,) 3;71_ (—Z—,>:COS20(ZG£ )exp (—Zr/aq)

The question now becomes: what values of-r and 6 make p(r, 0, ) = 0?7 Clearly, this.happens when
. =0 (at the nucleus). It also happens when 0 = 7/2 =.90° (because cos®7/2 = 0), and when

-0 = 3r/2 = 270° (because cos?37/2 = 0). Text Figure 5.1 (6n text page 195) shows that 6 equals
'+90° at all locations in the zy plane. Therefore, p(r, 8, ) equals zero at all points in the zy plane.

© The|zy plane is a nodal plane of the 1op, orbital | It is the only node of this wave-funct1on
. Ds

ertmg out ‘and squaring the whole wave function is not necessary. The angular part of the wave
' function by itself controls the number and arrangement of the angular nodes. For example, the square
‘of every possxble dyy orb1ta1 (the 3d;,, 4dz;, 6dgz, - ..) depends on the two angular coordinates
according to sin 29 cos2 6 cos? p. This function equals zero, whenever 0 = w/2 or § = 3n/2 (in the Ty -

plane) and Whenever @ =1/2 or ¢ = 37/2 (in the yz plane) Th1s proves that the and

are the two angular nodes of all dxz orbltals

The square of a dzz_yz orbital hds a sin 0cos2 2<p angular dependence Thrs trrgonometrlc functron e

_goes to zero at these values of go

—7r/4 (45°) <p 37r/4 (135°) v<p 571'/4 (225°) ‘ go 71r/4 (315°)

The ﬁrst and third values of © deﬁne a plane contalnlng the z axis and ly1ng at 'a 45° angle to +z

and +y (and also to —z and —y). The second and fourth values of ¢ define a plane also containing’
the 2 axis and oriented at’ nght angles to the ﬁrst plane These two planes are the angular nodes of .
all dz'z_yz orbitals.

The probabrhty of ﬁndmg a dzz_yz electron at a locatlon wrth 6=0o0rf=nm (180°) is also 2 zero, but 7

*. that happens only ‘at pomts on the z axis,. the 1ntersect10n of the two angular nodes that ‘were _]ust
- 1dent1ﬁed v . . . L

¢

; Tlp The square of a wave-funct1on (z/;2) has units of recrprocal volume because the Bohr radlus ao, ‘

Chapter 5 Quantum Mechanics and Atomic Structure' - , S 47"

-

which appears to the negative third power in all Wave-functlons, is a length.? But a probability by S
- its nature-is an unit-less numbers between 0 and 1. Therefore 12 evaluated at some pomt in space ~

Cis'not a probablllty /The probability of finding an electron in' a small volume in space ‘depends on,
- the size of thé small volume dV. (defined for spherical polar coordrnates in'text equation 5.5) as well.
. -as depending on the-value of ¥? in that region. Probabilities are the product of a rec1procal volume
~ (4?) and a volume (dV) This makes them umt-less, as requlred v e Lo

AN

Text equatlon 5.7 gives a formula for- the average drstance 7 between the electron and the nucleusin .

.8 hydrogen atom (or in a hydrogen-hke ion) - S A ‘ S . :
o mZao (AT, fE+D) - L
rne:_‘Z_. {14?5[1—. B ]} . v R ‘.-,t

" Fora 2s ele'ctronr in hydrogen, Z = 1 n=2, and = 0 Substitution. glves

}25—2%{ [1—%—?1)]}_6ao—6(0529,&)

1More prec1sely, in the infinitesimal element of volume dV = r? smB drdetp surroundlng the pomt

' 2Thig can seen in the wave—functlons llsted in text Table 5.2 )
” e Ve
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5.11-

For_a 2p ielectronvin hydrogen, Z.i 1,n=2, arid £=1

.A Solutions Manual TO ACCOMPANY Principles 'of Modern Chemistry, 7th Edition'

'fz,1"—221a°{1+ [ 1(12f1)]}_5a0~5(05292\)

‘ Txp Compare these answers to the dlstances ‘marked by the black arrows in text Flgure 5.14 on text

page 208. It is also worthwhile to confirm that the average distance 7 of a 3p electron i in hydrogen

. is. 12;(10 and that the average dlstance of a 3d electron in hydrogen is 10 2%- These d1stances are
' mdlcated by black arrows'in the ‘bottom two graphs in the figure. - :

.Text equation 5.9 on text, page 213 gives an. approxrmate formula for the energy of an electron in '_
g Hartree orbltal n in an atom ‘ : '

.en_ A [Zei:l(n)]' “in rydbergs
The problem gives Zeﬁ(n) = 1 26 for a2s (n = 2) electron in hthxum Substltute these values

N Zeg())®  [L26]> ¢ '
€2'In Lin ’ .[ f;(z .ol 22] —0.397 Ry

Itis helpful to obtam the answer in other units of energy as. Well

2.1799 x 10-18 J -
..I»Ry._> |—865><10 J|

E /13, 607 eV _ : :
1312 kJ mol 1
1Ry

~—0397R (

z;, ;0.397 Ry ( ) =| —521kJ nrorl I

) . Tlp The obser’ued energy of the electron in the 2s orbital of a lithium atom is —513.3 kJ mol‘

"The effective nuclear charge quoted in the problem mcely accornmodates this experlrnental fact. See
. problem 5. 53. :

o 'The approx1mate average dlstance of an electron in Hartree orbltal n,f is glven by

e - Zﬂ%{i -2

513

For the 2s orbltal in hthlum, n=2 and Z 0. Hence

(L[ 00+) 22a4 3 N e
- Tn,e“‘m{l-tz[l_— 2 | 126 = =4.76a0=, 252 A »‘

The ls, 2s.and 3s orbltals in H; L, and Na respectlvely contaln the outermost electron (when the

+ atoms are in their ground states) The energres of these electrons are. -,

. ‘ 72 . ‘12 - . s : c
'-Forhydrégen'_’ =Ty =" ﬁ_ L
T ZaP 26 L
R . - For ,hth“,‘m €25 z [ ef:l(z ) =0 [ 22] = 0397 Ry S :
‘- S z n)? _ 1.84)2 L
e | Forsodlum g .63.3. [ ef;g )] - [ 32] 0376 Ry}

> The energles become algebraxcally larger as n 1ncreases, that Is, it becomes progresswely easxer to'
’remove the outermost electron. : C :

’
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" Aufbau Principle and Electron Configurations

5.15 The ground-state electron conﬁguratlons are -~ : SRR
" a) C 1s522s22p2 b) Se’ 1522522753523p53d104524p* c) Fe 15%2522p3523p63d645?
The use of the bracketed symbol of a noble gas to represent the electron conﬁguratlon of that ‘element
shortens the notation for most configurations

‘ a) C [He[25%2p? b) Se [Ar]3d'%4s%4p* c) Fe [Ar]3d64s .

5.17 _The ground-state conﬁguratlon of an ion derives from the ground-state conﬁguratlon of the atom In

- the case of a negative ion, add electrons to avallable orbitals in order of ascendlng energy. In the case

of positive xons, remove electrons startlng with the ones in the highest-energy orbitals

Bet ' 15225 C‘I 1522522 Ne?t 1s22s72p% Mg+ [NeJ3s!
P2+ [NeJ3s23p' . . CI™ [Ne]3s23p6 Ast . [Ar]3d1°4324p2 :
I~ [Kr]4d1°5325p o ' ‘ K

ot

" All of thcse clectron conﬁguratmns are ground—state (lowest energy) conﬁguratlons Be ) C‘ NeZt,
Mgt, P2+ and Ast all have at least one unpaired electron (they have incomplete subshells and

. should be paramagnetic. l The CI~ and I~ ions are diamagnetic; the others are paramagnetlc .

5,19 ‘a) The atom has 49 electrons (36 represented by [Kr]; 13 represented by superscrxpts). Tt is m o

b) The ion has 18.electrons and a charge of —2. Its atomic number Z must he'16‘ it is R

‘ c) The ion has 21 electrons, and a charge of +4 Its Z must be 25, it is ion.
5.21 Asa halogen thlS element has a ‘ground-state electron conﬁguratlon of the form ...ns np5 The next

p-subshell after the 6p (used in the sixth row of the periodic table) is the 7p. Accordmgly, the electron .~

configuration of the element would be [Rn]5f 146d1°7327p ‘where [Rn] stands for the conﬁguratlon of
the first 86 electrons. Since the ‘configuration represents 117 electrons, Z equals

5.23 If only one electron could occupy each orbital in many—electron atoms, then the conﬁguratlons 1s! and -
- 1s'2s¥2p® and 1312sl2p33sl3p would be closed-shell electron configurations. Atoms with Z

respectlvely would have these ground—state electron conﬁguratlons
' Shells and the Periodic Table: Photoelectron Spectroscopy '

5.25 ' The photoelectron spectroscopy experiment measures the k1netlc energ1es of electrons that are eJected
' from atoms by the absorption of high-energy photons. The difference between the energy of the
incoming photon and the kinetic energy of an outgoing electron equals the ionization energy. (IE) of
" that electron. Electrons in different orbitals in ‘many-electron atoms have different ionization energies,
. asillustrated in text Figures 5.20 and 5.25. The electrons detached from the Hg atoms in this problem

' ‘have 11.7 eV of kinetic energy Hence . :

1 5 he 1 .
IE hu—imevz,-—y 2mev2 )
' (6626><10 34Js)(29979><108ms -1) (117 eV) 1602x10 19J
5844><10‘1°m - ) . levV

o Z[iex10 8]
- Th1s answer is equ1valent to 9.52 eV or 0.699 Ry

D

5.27 In one printing of the text the speeds of the electrons in the four peaks are 1ncorrect The correct

speeds are
| Peak. Speed of Electron /m g1 , Peak Speed of Electron /ms™! |
a. |- 79924x106 - | | - 20712x107

b 20421107 | d 2.0956 x 107
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o 'Sof_utibns'ManuaI TO AécoMPANY Principles of Modefn Chemistry, 7th Editiqn _
a) Ih the photoelectron spectroscopy (PES) experlrnent the ionization energy (IE) of an electron
equals the energy of. the radiation that detaches it from the atom minus the kmetlc energy . that it -

.carnesaway : ‘
A, IE—hu——m‘ev2

" The energy of the x—rays used to 1rrad1ate thie Na atoms in. thls expenment is

A ,_.h‘u-__h_c (6.62607 x 1034 J 5) (2.99792 x 108 m s~1)
s T N T T T 9890107 10m ‘

leV . v
. 16 —_— \V4
—20085X10 J(16022X1 19J) 125366 | .

=2.0085 x 10719.J .

" Subtract the kinetic energles of the electrons in the four peaks from thls value. The slowest Speed o

o corresponds to'the most tightly bound electron, the one with the highest IE

IEb =1253.6 \'/

o (9 10938 x 10-31 kg) (7 9924 x 106 m s—l)z Clev . S — :
IE, = 1253.6 eV_ T ~\Teomx1097) = 10720 V]

v

(9 10938 x 10-31 kg) (2. 0421 x 107 m S—l)z -

levV | -
2. - (1.6022 x 10-19 J) =le8leVi
-31 T 1 s=1)2 - : :
I, _.12536 W ' (9.10938 x 10 kg)(2 O712x10 m s~1) ( 1eV > o

2 1.6022 x 10—19 J

(9 10938 x 10~3! kg) (2. 0956 x 107 m s71)? -leV _ '
: 1.6022 x 10719 J )

.2
b) The ground—state electron configuration of sodium is 152 2.52_21)6 3s!. Peaka corresponds to removal _
of a 1s electron, one of the atom’s most tightly bound electrons. Peaks b, ¢, and d correspond to =
removal of a 2s, a 2p, and the 3s electron respectively. . :

IEd = 1253 6 eV -

- Tip. The md1v1dual ionization energles in a PES experiment are not the samé as the sucéessive

ionization energies listed in text Table 3.1 (text page 81). In the PES experiment, electrons are
knocked away from different orbitals on neutral atoms. In text Table 3.1, only the IE;’s involve the
removal of electrons from neutral atoms. The IE2’s are for removal from +1 ions, the IE3’s are for

-~ removal from +2 ions, and so forth. This point explains why the answer for peak d, the removal of

the 3s electron, equals IE; for sodium (which text Table 3.1 quotes, with greater precision, as as 5.14

. .eV), but.the answer for peak.c (34 0 eV) differs sharply from IE; for sodium (47.29 eV)

erte text equatlon 5.9, whlch is an approx1mate equatlon, and solve it for Zeg

: [Zeff (TL)]

n2

" en. (m rydbergs) & which giVes ‘ Zef‘f(n) = \/ n?( - €n (in rydbergs)) )

Now, insert the given energies of ls 2s, and 2p orbitals in ﬂuorlne and ﬁgure out the three Zeff s The :

o ' data have to be converted from electron—volts to rydbergs ‘Do this by dividing each by 13.607 eV. Ry

I o 2 (689 eV). _
' T T T e) e
: ~ ooz (24202 eV) ) 139
Zegt(25, F) 1 \/ 2 (13.607 eV Ry—! ‘ .

oo S o N 2: ;-(712eV)‘ ;1 ,
R Zeﬁ(2p? F) \/2' (13.60,7 eV Ry—1 . )

’ ) PR
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" Chapter 5 "Qu'antum Mechanics and Atomic Structure'

T1p These Zeg’s compare poorly to the Zeg’s developed by a much more advanced computatlonal
method and listed for fluorine i in Table 5.3 on text page 215. On the other hand, Slater s rules (text

Zeg(1s, F) =9 — (1'x 0.35) =8.65
Zes (28, F)=9—(6x035)—(2x085)—520
Zew(2p,F) = — (6 0.35) — (2 x 0.85) ='5.20

page 214), give these Zeg’s

The agreement with the values in text Table 5.3 is impressive and shows the quahty of Slater s work

which was first pubhshed in 1930..

Tip. Of course all of the Zeg s are less than*9, the charge on the ﬁuorlne nucleus, but greater than .
1, the Z.g that would result from perfect screenmg of. the ﬂuorme nucleus by the ﬁrst elght electron

for the benefit of the ninth.
Perlodlc Propertles and. Electromc Structure

v

-5.31 a) A ground-state should have a larger radius’ than a ground—state Na atom. In K atoms the.
outermost. electron occupres a 4s orbital. In- ground—state Na’atoms the-outermost electron occuples

a closer-in 3s orbital. N

b) The is larger than the Ost ion. As a Cs* ion garns an electron to produce a Cs atom,

the electron is accommodated in. the more distant n = 6 shell. ,

charge " o : . e s

c) The Rb* i ion and the Kr. atom are 1soelectron1c The larger specres is the one W1th smaller nuclear

d) A Ca atom has two 45 electrons and & K atom has one 4s electron. The outermost electrons are
in the same shell but Ca has a larger nuclear charge, contractmg the electron cloud Hence the atom

of - 1s larger.

" ) The Cl~ ion and the Ar atom are 1soelectron1c The larger spec1es is the one with smaller nuclear

. charge

5 33 a) The ion should be larger than the O ion. Its outermost electrons occupy the n = 3 level :

~ whereas in O‘ ion the outermost electrons are in the closer n = 2 level.

b) The ion is larger than the Co?* ion. The two have thelr outermost electrons in the same .

_ subshell, but T12+ has a smaller nuclear charge. = : .

c) The ion is larger than the Mn‘“‘ ion because the outermost electrons (those farthest away) :

are lost in going from the +2 to +4 ion.

d) The | ion is larger than the Ca2+ ion accordmg to the trend to larger 51ze gomg down- the ;

periodic table.

5.35 ‘a) The first 1on1zat10n ‘energy of an element is the minimum energy necessary -to Temove a s1ngle
electron from a neutral gaseous atom of the.element. The ionization energy of He is ‘particularly -
high because the removal must overcome the attraction of a large effective nuclear charge and get the

electron from the 1s orbrtal whlch has the smallest radius of all orbltals

' b) The element m should have the hlghest second ionization energy. The electron is lost from the
Lit ion, which has an electron conﬁgurat1on hke that of helrum, and helium has the largest first

“jonization energy. of any atom. ,
‘Tip. Revrew the 1omzatron energles given in text Table 3.1 (text page 81)

" ¢) The photons of the radiation must supply at least enough energy to equal IE1 of He .

P e _ (6.626 x 10~3% J 5)(2.9979 x 108 m 5 ) “1kJ (6022 x 10% molecule
EUIE 2370 kJ mol-1 -~ 1000 J -1 mol

~[505x10®m|=505nm . S

4 . . .
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A 52 - -~ Solutions Manual TO ACCOMPANY Pﬁhciples' of Modem C‘hemistry, 7th Edition 7
‘ 5.37 .a) The Ca2+ ion is smaller than the Ar atom because the two are isoelectronic (18 electrons each)
: .‘and Ca?* has a larger nuclear charge. The Mg?* ion is smaller than the Ca + jon because Mg is
above Ca in the same column of the periodic table. Compare Arto Br~ by using Cl~ ‘as a bridge.

Ar is smaller than Cl™ because the two are isdelectronic and Ar has a larger nuclear charge. But CI~ - '

_is smaller than Br— 1on because Cl hes above Brina column of the perlodlc table Hence

~
.

- LY

Mg2+ < Ca2+ < Ar <Br~

b) Ne and Na"‘ have the same electron conﬁguratlon, but Nat. has a posrtrve charge, makmg its -
ionization energy greater; Ne has a larger ionization energy than O based on the periodic trend in
the second period; Na has a lower 1omzatlon energy than Li, based on perlodlc trends, and Li has a
* lower ionization energy than O. Hence co

Na<0<Ne<Nf|

c) Al is. metalhc and thus electroposmve The three non—metals should increase in electronegat1v1ty B
) movmg to the r1ght in the perlodlc tabIe Hence :

|M<H<O<F| _f_'7‘bj~r3f

- 5.39 Convert the first 1on1zat10n energy of cesium from kilo Joules per mole to Joules per ‘atom by mult1ply1ng .
“o 0 Tt by 1000 J kJ~! (to get to joules per mole) and then dividing by 6.022 x 1023 mol 1 (Avogadro s
number) The result is 6.239 x 10719 Proceed as in problem 5. 35

ke «nm6x10343sx2mng1mxns 1 . -
A max = = 3184 1- =
: /'_)\ IE1 :v 6239x10 ng . 3.18 x10~"m = 3184nm

' Th1s wavelength is 1n the | near, ultrav1olet | region of the electromagnetlc spectrum

| ‘.ADDITIONALPROBLEMS CorT e e T
- 541 The energy of the photon emltted in the 2p—) 1s trans1tlon inironis S '

T . . ) 10734 8 Y ‘
Ephoton-_-AEatom.:— (66 6 X O JS)(2 9979X 10. ms ‘—[1029X10—15 JI

X 0B 10 m

the 2p and 1s levels in hydrogen

_In iron, the 1s orbital experiences the (almost) completely unshlelded attractlon of the nucleus (Z =
' 26), while the 2p orbital experiences a smaller effective nuclear charge’ because electrons-in other
] orbltals screen it from the nucleus. This separates the 15 from the 2p orbital in terms of energy much

‘more than in hydrogen (Z = 1) where there is no shleldmg of any orbital. -

5.43 ° The total _change in the energy of the atom is the same regardless of whether 1t relaxes from its exmted :
L state in two steps or one . v A :
‘ R AEtotal = A-EStepl + AE'Step2 : " KRNI ; ' ".

The energy change is 1nversely proportlonal to the wavelength of the emltted photon that is emltted
(AE = hc/ A) so. :

VI

""hc" —-}E-FEDmsmnb hcgivés-. A —i+-£ '
ol M1 g Om Y RCER Dol M Nz

" The AE for any step equals hv. ‘There‘fore | Vtot’al‘='fV1 + 1y | o ‘
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5.45

» 'ForH(z_1),r32_555A foro7+(z 8),r32—0694A
- 5.47

5.49°

5,51

" 5.53

E ground—state hthlum atoni Therefore

.Chapter 5 Quantum Mecham"cs and Atdmic Strur:ture' B o ' . ) ' ‘ a3

The 3dzy orb1ta1 in O7+ jon has the as the 3dzy orbltal in an H atom. Both have two

nodal planes at right angles to each other. The 3dzy orbital differs in 07“" by bemg o

The shrlnkage results from the larger nuclear charge in 07‘*'

Tip. Use text equation 5.7 to check the average dlstance between the nucleus and an electron in the

‘ 3d oy orbltal in O7+ ion and in the H atom:

- Faq Ly Ly 2@+1))] e [21] _ 1050 _ 10.5(0.529 A)
A ) ® )Tz B8l 2T Tz

This atom .of sodlum is.in an exc1ted state]. - It can lose energy 1n a varlety of ways to end up

-ultimately in its ground state, Whlch is represented [Ne]3s

In chromium(IV) oxide, the Cr* ion has the ground—state electron conﬁguratron [Ar]3d? | The
neutral Cr atom (with ground—state configuration [Ar]3d® 4s!) has lost its 4s electron and three of its

five 3d electrons. The two remalmng 3delectrons are unpalred 50 Cr02 has m unpalred spins per

Cr atom

Tip. All of the electrons in the ground—state 02' ion are palred :
The smallest by far is the hydrogen-hke ion 0025+ The rest of the order follows: from periodic- trends DL

[Co25+<F+<F<Br<K<Rb<Rb'

The first ionization energy of hthlum is 520 2x.10%.J mol“ D1v1dmg th1s by Ny puts it on a per
atom basis: 8.638 x 10719 J per atom. It requ1res this much energy to extract the 2s electron from a

S -

- €q (Ll) = —8.638 % 10-19 J

-- The energy of an electron ina Hartree orb1ta1 7 in an atom is glven by.

—[Zei(zn)] Ry = (= 217987><10-18 )—[Zeﬁ(")] SRR

where Zeﬁ(n) is the ‘effective nuolear charge actmg on the electron and n is the orbltal’s pr1nc1pal ,
quantum number For the hth1um 2s electron ‘ : E

S —8 524 X 10-19 I~ ( -2, 17987 X 10-18 J)M from which Zeﬁ(z) )

. The true Z of” hthlum is 3. .The inner two electrons spend thelr time. mamly between the 2s electron .

and the nucleus and so shield the influence of the nucleus on the 25 electron from 3 down to 1. 26.
The screening is very substantial, but perfect screening would lower Zeﬁ(n) all-the way to.1.

+ For Na (Z = 11) the 3s electron is- -lost. Modlfy the precedmg computatlon as follows

Z. =496 x 10° 1
( —2.17987 1018 J)[ “(3)] ~ g 0%‘;’; 1%2;] ;n;ll-l from which [Zer(3)] ~[1.84]

For K (Z = 19), the 4s electron is lost E

18 [Zeﬁ(4)]2 2419 x 10° J mol-1 j- '
( 217987><10 | J) ¥ o T0% ol from which Zeﬂ(4)

[

© 02012 Cengage Learning. All Rights Reserved. May not b’e‘scanned,'copied or dublicatéd, or posted to a oublicly eccessible website, in whole or in part.



54

555
' (0 193 x 10‘ m) The energy of these x-rays.is ~

5.57

Solutions Manual TO AC'C(;)MPA‘NY .Pm'ncz';nles of Modern Chemistry, 7th Edition.

The 2p — ls transmon in the Fe atom occurs with emission of x—rays of wavelength 0 193 nm - '

he (6. 626 x 10=34 J s)(2 9979 x 10° m s~ 1)

: ' __ne — -15 ¢
E_x—mys'_A . 0193 x10- —9m 1.03x_1Q =

The dlfference in the energy of the two states in the Fe atom consequently is

N

.E -E2,,_|—103x10-15J| o

where the negatlve sign. reflects the fact that the 1s orb1tal lies at lower energy than the 2p ThlS
dlfference exceeds the dlfferenée between the 1s and 2p states in H by a large factor _ -

o (Bi— Ezp) inFe _ ~1.03x'10°15 J
E R v ) (Ela Ezp) in H —16 2 X 10-19 J

=636

- The much larger spacing between the 2p and 1s states in Fe results from’ the larger nuclear charge"
" (Z = 26 for Fe versus Z = 1 for H). The larger Z lowers the energies of both the 2p and 1s in -

Fe compared to H, but lowers the energy.of the 1s much more. Note that the ratio of the energy :

. differences (636) is roughly equal.to (Zre/Zn)? = (26/ 1)2 ="676.

The similarities in chemical properties among the alkali metals strongly suggest similar ground-state '
valence electron configurations. This configuration must have the form ns! because no (n.— 1)d

orbitals are occupied in ground-state Li and Na atoms. Therefore the ns orbital must have lower .~

energy (greater stability) than the (n — d orbltal in K Rb, Cs. A similar argument can be made -
w1th respect to the alkahne—earth elements : ,

]

N
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".Chépter;éf '

Quantum Mechamcs and Molecular

""Structure

' Quantum Plcture of the Chemlcal Bond

6.1

Nodes are surfaces across Wthh wave-functlons (orbltals) change their 51gn The dlagrams in text

- Figure 6.5 (page 244) give the shapes of the eight lowest-energy molecular’ orbitals (MO?s) of the H+ -

ion. In these diagrams, color indicates sign: red for positive, blue for negative. Changes in COlOI’ ‘

therefore show the orientation and locat1on of nodal surfaces.! Countlng the nodes in the snc o MO’s’
. glves these results . . )

y e

|‘Molecular‘0rbita1 I 1c}g | 1&;.” 2&g'| 2&,, I 3ag | 307

u.I

[ Neefmodes 0T IT2 2 T3

Note that the count equals n— 1 (where n is the quantum number appearmg in the labels) for the

o three bondmg MO’s and n for the three antlbondmg MO’s.

6.3

a plane, only once.

" The question asks for “the number of nodes along the internuclear axis” in the six o MO’s Interpret

this to mean. the number of times that the internuclear axis, which is the horizontal axis throughout
text Figure 6.5, intersects a node. This equals the number of red- blue alternatlons movmg horizontally -

. through the center of ‘each of the dlagrams By 1nspect10n, the answers are

| " : Molecular Orbital | 103 || 204 | 2au Ik 30'g"|l~ 3&-; | ..
| No. of 1ntersect10ns Wlth axis “ | 1 || 3 || |3 [

hNotlce that the honzontal axis intersects the _]elly-bean shaped node of the 2ag MO twice. It also' ,

intersects the Jelly-bean of the 20 MO twice but mtersects the other node of the 2¢7, MO Wh1ch is

. , : : , ‘
Tlp. Look at text Figure 6. 43 as well It Tepeats’ the _diagrams in F1gure 6.5 in conJunct1on w1th A
contour plots-and line scans that help in visualization of the shapes of the orbitals arid the locations *

“of the nodes. The scans along the z axis in Figure 6. 43 (c) touch the axes at the far left and

right ends. These wave-functions never actually reach zero'in these reg1ons, but only approach 7ero
asymptotlcally These. reglons are not nodes. : ‘

The electron probablhty density in sigma (o) molecular orbitals is cylmdrlcally symmetrlcal about:'

. the 1nternuc1ear axis. The cross-section of a cylmder is a circle. The desired shapes are consequently '
.| What are the relatlve sizes of these circles? Text Figure 6.43 (c) prov1des a way to obtam

1The 20¢ MO in the figure has an inner negatlve region (blue) that is completely surrounded by an outer posxtlve region |
(red) that prevents the inner blue from belng seen. : o S P S

fay

55

\

©2012 Cengage Learning, All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in'part.



56 - o R Solutio'nslManual ’To ACCOMPANY‘Pm"nciples.of Modem.Chemz'stry, 7th Editr'on )

' \.estlmates The mldpomt between the two H nucle1 in all of the graphs hes atz=0 A The pornts
: ’that are 1/4 of the way between the nuclei lie at. z = £0.265 A.2 Read the values of ¢ off the graph
“at-z =0 and 2z = £0.265 A3 Then square them to obtam the relative radii of the circles. Text Figure -

- 6.43 exhibits elght molecular orbitals. Of these, six are ¢ MO’s. They account for the six entrres in
- the following table. :Note that the lowest energy MO appears at the bottom of the table, as in text

Frgure643 s o . S ST .

\ | Y “atz=0 . | at 2= 40.265
Molecular Orbital v T v &

3oy - 0 "0 || F0.50 ] 0.25 |. -
" 304 . . | —0.6010.36 || —0.40 | 0.16
20y 0 0 +0.20 | 0.04
20, .|| =0.957| .90 || —0.98 | 0.96
) lo;, 0 0 £0.30 |.0.09
' log. “ ] 071 {050 075 | 0.56

For the 1oy, 20 and 3o} MO S the cross-section in the z2=0 plane consists of a pomt (a circle of
Zero radlus) ThlS otcurs because theése three MO’s have’ nodes at z=0. -

A» Tip. Values for 1? at z=0'and z = +0.265 A can also be obtained by reading the herght of the 1/)2
‘curve above the z axrs at these points in the. graphs in column (c) of text Figure 6.44.

6.5 The electron denSIty in the 1o, molecular orbital in H ion is concentrated between the H nuclei.
n This dlstrlbutlon approximates the required location of electron probability density for bonding in
the classical model (the reglon shaded blue in text Flgure 3.15 on page 99) The MO describes

- the bond in HJ ion. An electron in the 107, MO in H ion would spend most of its time in the :
unshaded regions in text Figure 3. 12 It would be an antlbondlng electron because 1t would actrvely
oppose the bond- between the nuclei. o ~

Tip. Interestlngly, an electron in the 2ag MO in H2 ion, Wthh is at hrgher energy than the lau, also
maintains bonding in H+ ion. The classrcal model cannot account for the exrstence of such a bound
state.

6.7 ~ The state | (015) (0551 3)2 has the higher energy because it has two electrons in antibonding orbitals. -

~ Thes state (ogls) {(0515)" has one electron in a lower-energy bonding molecular orbital .
. Tip. The state (orgls) (‘Tgrs) is non—bondmg, but-the state (0g1s)(0)15)% is actively repulsrve
' 'De—Locahzed Bonds: Molecular Orbital Theory and. the LCAO Approx1mat10n .
. 6.9 The H, molecule which has the ground state electron configuration (agl s) ‘ has two' electrons in bond-

. ing molecular orbltals The HeJ ion, which has the ground state electron conﬁguratlon (0g15)%(0 uls)1
. also has 2 electrons in bonding MO’s but 1 electron in an antlbondlng MO. The bond order in He2 .

s 2, the bond order in Hy'is 1. has the larger bond energy

P

g 6.11» The specres He2 has a longer bond dlstance because 1t has a lower bond order (see problem 6. 9)

-6.13 _The sketch graph of the potentlal energy curve for He should have a shallower minimum at a longer
v 1nternuclear dlstance than the one for H,, as 1n the followmg : :

'

2The mternuclear distance in H;’ is 1.060 4, see text Sectlon 6.1.
-3The numbers on the ¢ axis in the plots are fractlons of the maximum amphtude of the wave-functlon They therefore have '
noumts toe ) ) R . . . R . ! n

v N

. 3 ° . ; . . . . g .
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6.15°

6.17

o odd number of electrons Because at least one electron (a 7r92p electron in this case) is unpalred, Fi|

6.10

: l smaller bond energy | and a I longer bond length |

L Qualitative Potential Energy Curves for H; and He;"

4 O = o s g
d o .« ® °
.. o ¢ o
. T
g . ]
* .0 e b
.g N o e
e ¢ oe ©
L] o
‘h% . o © \
- 4 :
N < Ee | Iuef|
+ 8 .O . . .
) . .%‘°/ . : N
\ g o "

wesoeefo o o 0

Internuclear Dlstance -,

H2 gives H+ When a smgle electron is removed. The" electron comes from a bondmg molecu— "
lar orbital. The product is therefore less strongly bonded than' the orlgmal molecule H+ has a’

a) Fluorine (Fg) is a homonuclear diatomic molecule. It has 18 electrons of which 14 are valence
electrons. The F7 ion has lost a valence electron and so has 13 remaining: Consult the correlatlon
diagram for the F2 molecule in text Figure 6.16 (b) to. obtain the energetic order of the MO’s. Also -
see text Example 6.2. Remove an electron from the highest energy MO to get the configuratmn for -

K the Ff ion from the conﬁguratlon for. the Fa molecule

B Gy
F+ (U923)2(0u2s) (09217) (7TU2P) (7rg2p)3 )

~ . .

.b) The F, molecule has two.more bondlng than ant1bond1ng electrons Its bond order is . F$ ion

has three more bonding than antlbondmg electrons Its bond order is i

c) The Fy molecule has zero unpaired electrons Accordlngly, Fq is dlamagnetlc The F} ion has an NS

is paramagnetxc

-d) The [Ff ion has a larger bond order and therefore requlres to dlssoc1ate than does .

the Fo molecule . o . o . - o

The ground-state valence-electron conﬁguratlon of the Sz molecule should duphcate that of O except
in usmg n = 3 orbitals. The valence-electron configuration of Oz appears in text Figure 6.15 (page

‘ 235) Assume that the S, molecule is in its ground state despite the h1gh temperature Then the
. valence electron conﬁguratlon is .

Lo

(0933) (Uu33)2 (093Pz ) (7ru3pz ) (ﬂ-u:-"Py )2( Tg8ps ) (7rg3py )1 :

.The bond ror‘der' is{2} the moleculé should be (two unpaired electrons).

- 6.21

In each case, count the valence electrons. . This result together with the charge on the species identifies
the column of the periodic table in. which the element is located. All the configurations involve MO’s
from the n = 2 shell and therefore involve elements in the second row of the periodic table. The bond
order is half the. number of bonding electrons minus half the number of antlbondmg electrons: .

a) F2, bond order 1. b) N7, bond order 3. ¢ O2 ; bond order 3 R
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., 6. 23 Check unpalred valence electrons

a) Fp is dramagnetlc "'b) N+ is paramagnetrc c) O2 is paramagnetlc

v,58.~-> o o Tl Solutions Manual"rol ACCOMI;ANY Principles of Mbdém Che_mistry, 7th Edition_ -

6. 25 Copy text Figure 6.20, the correlation dlagram for. heteronuclear diatomic molecules Nrtrogen is
o more electronegatwe than carbon. The energies of its atomlc orbitals are lower than-the energxes of
the correspondmg orbitals in the carbon atom. It is “atom B” ‘(on the rlght side of the correlation
dlagram), carbon is “atom A” on the left. The CN’ molecule has 9 valence electrons and is isoelectronic

! with the BO molecule. The figure dlsplays the ground—state valence electron conﬁguratlon of BO

' exphcxtly The ground-state valence—electron conﬁgura’clon of CN is 1dent1cal
' CN (02s)2(dzs) (sz) (Uzp)

The bond order accordlngly 1s . the unpalred electron causes | pararnagnetlsm

T1p The valence-electron conﬁguratlons of ON and BO are the same because the pattern of relatlve :
' energies of the MO’s s the 1 same in the two molecules The actual numerlcal energles of the MO s

- differ in the two molecules

‘ 6 27 The molecule CF is d heteronuclear dratomrc molecule Referto the corr'elat1on d1agram mv text

. Figure 6.20. Fluorine is more electronegatlve than carbon; regard F as the atom on the right of the' . f

correlation diagram and C as the one on the left. The CF molecule has 11 valence electrons; the CF+

- are

’

molecular ion has 10 valence electrons The ground—state valence electron conﬁguratwns of the two - '

CF (023)2(023)2(7f2p)4(02p)2(7r2p)1 énd ~CFT (Uzs) (023)2(7r‘2p) (Uzp)2(7fzp)°

The electron that a CF molecule loses to form a CF"’ ion comes from the 772p orbital. The loss of thlS' -

antlbondlng electron 1ncreases the bond order from. 5 to 3. The bond |strengthens |

v , '

P

T1p The CF"’ ion is 1soelectron1c ‘with the Ng molecule (both have 10 valence electrons) Flndmg a .

trlple bond i in CF‘*‘ is reasonable, NP has a triple bond too

6 29 "The ground-state electron conﬁguratlon for HeH‘:Would be (013)2(013)2 The ion has a bond order

. of [zero] and should be-

6 31 Count ‘the valence electrons in each of the four dlatomlc spec1es 11 for CF 10 for CN ‘5 for CH 4 |

for CH*. Text Figure 6.20 gives the energetic order of the valence MO’s 'and their labels for CF and: -
-  CNT. Text Figure 6.22 does the same for CH and CH*. Feed the correct number of electrons into the ’ L
¢~—~?-:‘~;~4:'—-~~~~—j~-—j ~-MO’s: in order of increasing enetgy.-Put a ‘maximum-of two electrons into-any one-MO.-In- the usual—’-»~—»

: notat1on, Greek letters with subscrlpts and superscrlpts represent MO’s of different types, MO’ s'of
the same energy are grouped in parenthesés, and right superscripts tell the nurnber of electrons in

- each MO or group of MO s. The ground-state conﬁguratlons for CF and CN ‘are

s

» CF (023) (028) (7(21’58’W2Py)4(a2pz)2(7r2px77r2py)1

» CNT‘ (023) (‘723) (7T2pm772py) (‘72pz)2 -

AN

CH+ and CH have 4 and 5 valence electrons respectrvely If the o MO and 7r"b MO’s dlffered a lot

in energy in CH* and CH, as they do in the case of HF-in text Figure 6.22, then the ground-state L

configurations would be CH (6™)202 (72, 7)1 and CH* (6™)20?(x7?, "b)o But this is not the

_case.. The A(EN) (electronegativity dlfference) for C—H is only 0.30, much less than for C—F, for - _‘
Wthh A(EN) is 1.43. 'See Text Figure 3.10. This greatly reduces the. difference in energy between ..

the o and (7r ,W“b) MQ’s in CH and CH"', and ‘the electrons remaln unpa1red in the ground—state

conﬁguratlons CH+ (6™)%c (nl ,7r"b)1 ‘and CH (o "b)2 1(

nb2 -
’y

‘- [ [APREE ,

o
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6.33

Tip. In the ground-state, CH* has 2 unpaired electrons and CH has 3. Configurations for CH* and
CH having 0 and 1 unpaired electrons respectlvely are p0531ble They are however excrted states of .
the molecules, not ground—states ‘

CF+ has 10 valence electrons (4 from C, 7 from F less 1 to form. the +1 ion). NO has 11 valence

: electrons, and CF~ has 12. Text Figuré 6.20 applies to all three of these heteronuclear diatomic

species. Use it to arrive at. ground-state valence electron configurations for the three
CF+ (028)2(023) (7r21727 7r2py) (Usz)2(7r2pzr7r2Py)
NO - (o 28)2(‘723)2(7"2pm’ 7r2py)4(‘72pz) (7r2pz’ 7T2py)

CF~ '(028)2(f723) (7"217::‘7 7T2py) (U2pz)2(7r2pz77r2py)

' Now use the formula =~ - - - , o o A

bon d of der _ No. bonding e~ — 2No.y antlbondxng e

" to ﬁgure out the bond orders of each of the species. CF* has 8 valence electrons in bondlng MO s
and 2 in antlbondmg MO’s Its bond order is 3. NO has 8 valence ‘electrons in bonding MO’s and -

3 in antibonding MO’s. Its bond order is 2.5. CF~ has 8 electrons in bonding MO’s and 2 in an .

"antlbondlng MO. Its bond order is 2.. The observed downward trend in bond dlssoma.txon energy o

B CF* >NO > CF~ | follows the decrease in bond orderl

Photoelectron Spectroscopy for Molecules

.6.35

. 6137
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- kinetic energy that the eJected electron carried

. N2 ——36 eV —18 8 eV —16 69 eV —15.59 eV Plot them to scale as in the followmg

The binding energy of the electron in each case equals the energy of the i 1on1z1ng radratlon minus the :
Bmdmg energy = huphoton — 2mév2 :

=21.22'eV — 5.63 eV =[15.59 eV

| =21.22 6V —4.53 eV =[16.69 eV

Electrons thh the 15. 59 eV bmdlng energy are from the molecular orbltal Whlch is the highest
occupied molecular orbital in ground-sta.te Na. 'See-the first figure on text page 267 and text Figure.

;.

6.17 (a). Electrons with the 16.69 eV binding energy. come from a :molecular orbital (elther _
" the 7ru2p” ora 7ru2pz, the two possess the same energy, as the correlat1on dlagram shows) h

'The requested d1agram should resemble text. Figure 6.17 (a) except that it should be to scale on
" the vertical, or energy, axis. The n = 0 peaks'in a photoelectron spectrum are the ones without

vibrational excitation; they appear at lowest energy-in each group of closely. spaced: peaks arising
when electrons are detached from a specific.orbital. The experxmental photoelectron spectrum for -
Nz on page 267 and the results of problem 6.35, combine to give the energies of the valence MO 'sin

‘Valence Molecular- Orbital Energy Diagram for N
~10 \ ' '
> N P, T,
3 —20 . —— L Oy04 :
g .
g
M
—30 . :
—H— e

—40
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- This experlmental energy-level dlagram conﬁrms the, electron configuration shown in text Table 63. .
.6.39  Take the order of the MO’sin HBr to be the same as the order of the MO's in, HF. Text Figure -
.. 6.22 shows this order.” The smaller ionization energy (11.88 eV) is the energy required to -remove -
a electron from the highest occupled molecular orbital in H—Br. This i is a non-bondmg molecular
.orbltal elther the [ 472 or the 47r“b The “4” replaces the “2” in these symbols because Bris in the ‘
fourth perlod of the periodic table, two rows below F. These two MO’ s, which are equivalent except
. for their orientation in space, are localized mainly on the Br atom and derive only a little of the1r'
- character from the H atom. The larger ionization energy (15.2 eV) is the energy requ1red to remove
one of the two electrons in the [o] orbital, whxch is a bondrng orbital. ' :
‘ Locahzed Bonds: The Valence ‘Bond Model

"~ 6.41 The valence-bond (VB) wave-function for Liy is constructed by overlap of the half- ﬁlled 2s orbrtal on
the first hthlum (atom A) and the half-filled 2s orbrtal on the second hthlum (atom B)

¢b°“d(1 2)=c [2sA(1)2s (2)+23A(2) 2sB(1)].

‘The 1 and 2 in parentheses are shorthand references to the coordmates of the two valence electrons in
the Lis molecule The value of the wave-function depends on these coordlnates The wave-funct1on o

-also depends on Rap, the distance between the two nuclei. This could be 51gn1ﬁed explicitly by

1nclud1ng an R in the parentheses on the left, if desired. This wave-function closely resembles the VB

wave-function for the bond in Hy (text equation 6. 14). Just as with Hp, combmmg the two terms on_
the right using a minus instead of a plus sign (the ungerade comblnatron) gives’ repulsron between

‘the nuclei at all distanc