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Mass numbers in [ ] refer to elements which possess no stable nuclides; the mass number given is for the longest-lived isotope of the element. For each of Th, Pa and U, the value of Ar is based on the terrestrial isotopic composition.
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Preface to the sixth edition


This Solutions Manual accompanies the 6th edition of Inorganic Chemistry by Catherine E. Housecroft. Its aim is to provide students with answers (some in 'essay plan' style) to all the end-of-chapter problems in the main textbook/eText. Every chapter has three kinds of problem sets. In the first category, each problem focuses upon a specific topic from the chapter, while 'overview problems' require the reader to unite several concepts from the chapter, thereby testing a more complete picture of the theme of the chapter. Finally, the section headed Inorganic Chemistry Matters focuses on applications of inorganic chemistry and draws attention to aspects of our lives that rely upon inorganic chemistry.


Working through both the self-study exercises and end-of-chapter problems in Inorganic Chemistry is a classic way for students to not only test their knowledge of facts and concepts but also boost their confidence while preparing for tests and examinations. The Solutions Manual is therefore a valuable aid for self-study. In contrast to the more elaborate graphics in the main text, diagrams in Solutions Manual are drawn as simply as possible, thereby helping students to produce appropriate diagrams for tests.


I am once again indebted to my husband, Edwin Constable, for trying out new exercises and providing his criticism. He has a wonderful knack of interpreting text in as many ways as possible, thereby helping me to iron out ambiguities in the question setting.


Finally, I extend my thanks to the team at Pearson who have provided their support throughout the last year. Special thanks go to Nikhil Rakshit, Shahana Bhattacharya, Sulagna Dasgupta and Steven Jackson.


Catherine E. Housecroft


Hochwald


January 2025









Note to readers: Throughout the Solutions Manual, the abbreviation ‘the main text’ refers to the 6th edition of Inorganic Chemistry by Catherine E. Housecroft and Alan G. Sharpe, Pearson, 2026.












1Basic concepts: atoms




	1.1The notation:



 

  

   C

   

   

    24

   

    50

  

  r




shows that the atomic number, Z, is 24 and the mass number for the isotope is 50.


Number of protons = Number of electrons = Z = 24


Number of neutrons = Mass number – Z = 50 – 24 = 26


For each isotope, Z = 24 and so there are 24 electrons and 24 protons.


For mass numbers 52, 53 and 54, there are 28, 29 and 30 neutrons, respectively.




	1.2‘Monotopic’ means that the element possesses only one isotope. Examples other than As include P, Na and Be.

See Appendix 5 in the main text




	1.3(a) Al is monotopic, i.e. there is only one naturally occurring isotope.

Z = 13           Mass number = 27


Number of electrons = Number of protons = 13


Number of neutrons = 27 – 13 = 14


(b) Br (Z = 35) has 2 naturally occurring isotopes.


Each isotope has 35 electrons and 35 protons.


For the isotope with mass number 79: number of neutrons = 79 – 35 = 44


For the isotope with mass number 81: number of neutrons = 81 – 35 = 46


(c) Fe (Z = 26) has 4 naturally occurring isotopes.


Each isotope has 26 electrons and 26 protons.


For the isotope with mass number 54: number of neutrons = 54 – 26 = 28


For the isotope with mass number 56: number of neutrons = 56 – 26 = 30


For the isotope with mass number 57: number of neutrons = 57 – 26 = 31


For the isotope with mass number 58: number of neutrons = 58 – 26 = 32




Notation:
  

  

   

    

     

      

       A
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        27

      

      l

    

   

   

    

     

      

       B

       

       

        35
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      r   

       B
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        81
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       F

       

       

        26

       

        54

      

      e    

       F

       

       

        26

       

        56

      

      e   

       F

       

       

        26

       

        57

      

      e   

       F
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        58

      

      e

    

   

  







	1.4Assume that 3H can be ignored since abundance is so low; error introduced by this assumption is negligible. The mass numbers of 1H and 2H are 1 and 2 respectively. 

Let % 1H = x, and % 2H = 100 – x


Then:




 

  

   

    

     

      

       A

       r

      

      =1.008=

      

        x×1

       

        100

      

      +

       

        (100−x)×2

       

        100

      

      

    

   

   

    

     

      100.8=x+200−2x          

    

   

   

    

     

      x=99.2                     

    

   

  




This result gives 99.2% 1H and 0.8% 2H. The values do not agree with those in Appendix 5 (99.985% 1H and 0.015% 2H) because we have used integral atomic masses for the isotopes. The accurate masses (5 sig. fig.) are 1.0078 and 2.0141, and if you work through the above calculation again, this gives 99.98% 1H and 0.02% 2H.




	
1.5(a) Isotopic abundances: 32S 95.02%, 33S 0.75%, 34S 4.21%, 36S 0.02%. Relative intensities of peaks containing these isotopes must reflect their relative abundances.

m/z = 256 is assigned to (32S)8 – the most abundant peak.


m/z = 257 is assigned to (32S)7(33S).


m/z = 258 is assigned to (32S)6(33S)2 and (32S)7(34S).


m/z = 259 is assigned to (32S)6(33S)(34S).


m/z = 260 is assigned to (32S)6(34S)2.


(b) The structure of S8 is shown in 1.1; the parent ion arises from S8. Fragmentation by S–S bond cleavage produces S7, S6, S5, S4 ... and gives lower mass peaks.
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(1.1)




	1.6(a) c = λν





 

  

   

    

     

      λ=

       c

       ν

      

                                               c

       

         in m s

       

        −1

      

      ,  λ in m, ν in Hz (

       s

       

        −1

      

      )

    

   

   

    

     

      λ=

       

        2.997×

         

          10

         8

        

        

       

        3.0×

         

          10

         

          12
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        −4

      

      m

    

   

  




This lies in the far infrared region of the electromagnetic spectrum.


See Appendix 4 in the main text


(b)






 

  λ=

   

    2.997×

     

      10

     8

    

    

   

    1.0×

     

      10

     

      18

    

    

  

  =3.0×

   

    10

   

    −10

  

  m




This lies in the X-ray region of the electromagnetic spectrum.


(c)






 

  λ=

   

    2.997×
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     8

    

    

   

    5.0×

     

      10

     

      14

    

    

  

  =6.0×
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    −7

  

  m




This electromagnetic radiation is in the visible region.




	1.7Refer to Fig. 1.3 in the main text and the accompanying discussion.

Transitions to the level n = 1 belong to the Lyman series, therefore (a) and (e).


Transitions to the level n = 2 belong to the Balmer series, therefore (b) and (d).


Transitions to the level n = 3 belong to the Paschen series, therefore (c).





	1.8



 

  

   

    

     

      E=hν           ν=

       c

       λ

      

           

    

    

     

      Units: λ in m

    

    

     

      450 nm = 450×

       

        10

       

        −9

      

      m

    

   

   

    

     

      E = 4.41×

       

        10

       

        −22

      

      kJ

    

    

     

    

    

     

    

   

  




For the energy per mole, multiply by the Avogadro number:


E = 4.41×10−22 × 6.022 ×1023 = 266 kJ mol−1




	1.9Equation 1.4 in the main text is:
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For n = 3:
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  (

   1
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  −
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   9

  

  )=1.524×
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   6

  

   

   m

   

    −1

  

  




Convert m–1 to m, and then to nm (1 nm = 10–9 m) to obtain the wavelength in nm:




 

  λ=

   1

   

    1.524×

     

      10

     6

    

    

  

  ×

   

    10

   9

  

  =656.2 nm  (to 4 sig. fig.)
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For n = 4:




 

  

   

    

     

      

       ν
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      λ=
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        2.057×
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         6

        

        

      

      ×
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       9

      

      =486.2 nm (to 4 sig. fig.)

    

   

  




Use the same method for n = 5, and n = 6, to obtain calculated values of λ of 434.1 nm and 410.2 nm respectively. Calculated values are consistent with observed lines in the Balmer series.




	1.10The radii, rn, are found using eq. 1.8 in the main text, with values of n = 2 and n = 3.
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         ε

         0

        

        =permittivity of a vacuum

       

      

      

       

                                      h= Planck constant

       

      

      

       

                                 

         m

         e

        

        = electron rest mass

       

      

      

       

                                     e=charge on an electron

       

      

     

    

   

  




For n = 2:
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  m




or the radius may be quoted in pm: rn = 211.7 pm	(1 pm = 10–12 m)


For n = 3:
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or:        rn = 476.4 pm





	1.11As the value of n increases, (a) the energy of an ns orbital increases, and (b) the size of the orbital increases.


	1.12(a) For the 6s orbital:

n = 6, l = 0, ml = 0


(b) Each of the five 4d orbitals has a unique set of quantum numbers:


n = 4, l = 2, ml = –2


n = 4, l = 2, ml = –1


n = 4, l = 2, ml = 0


n = 4, l = 2, ml = 1


n = 4, l = 2, ml = 2




	1.13(a) Principal quantum number = n. Each of the three 4p orbitals has a value of n = 4.

(b) For any np orbital, the orbital quantum number l = 1. Therefore the three 4p orbitals have the same value of l.


(c) Each 4p orbital has a unique value of the magnetic quantum number, ml.


For the three 4p orbitals, the sets of quantum numbers are:


n = 4, l = 1, ml = –1


n = 4, l = 1, ml = 0


n = 4, l = 1, ml = 1




	1.14For information on radial nodes, see Figs. 1.7, 1.8 and 1.13 and accompanying discussion in the main text. Radial nodes follow the trend shown below:

[image: images]


(a) A 2s orbital has 1 radial node.


(b) A 4s orbital has 3 radial nodes.


(c) A 3p orbital has 1 radial node.


(d) A 5d orbital has 2 radial nodes.


(e) A 1s orbital has no radial nodes.


(f) A 4p orbital has 2 radial nodes.




	1.15(a) Figure 1.5a in the main text shows a plot of R(r) against r for the 1s orbital of hydrogen. An s orbital has a finite value of R(r) at the nucleus. Figure 1.7 in the main text shows a plot of the radial distribution function, 4πr2R(r)2, against r for the hydrogen 1s orbital; at the nucleus, the function is zero. The maximum value of 4πr2R(r)2 for the 1s curve in Fig. 1.7 in the main text corresponds to the value of r at which the electron has the highest probability of being found.

(b) For the 4s orbital of hydrogen, a plot of R(r) against r has both positive and negative values of R(r); it has a positive value at r = 0 (i.e. at the nucleus). The 4s orbital has 3 radial nodes; these are the three points at which the curve crosses the axis along which r is plotted. Values of 4πr2R(r)2 are always greater or equal to zero. A plot of 4πr2R(r)2 against r for the hydrogen 4s orbital has four points at which the function is zero: at r = 0 and at three points corresponding to the radial nodes.


(c) Figure 1.6 in the main text shows a plot of R(r) against r for the hydrogen 3p orbital. At r = 0, R(r) = 0. The curve crosses the r axis once, and the function has both positive and negative values. Figure 1.8 in the main text shows a plot of 4πr2R(r)2 against r for the 3p orbital of hydrogen. The curve shows that the orbital has one radial node. Values of 4πr2R(r)2 are always greater than or equal to zero.




	1.16Each orbital is defined by a set of three quantum numbers: n, l and ml.

(a) 1s: n = 1l = 0 ... (n – 1), so only l = 0 is possible;


ml = +l, +(l – 1) ... 0 ... –(l – 1), –l , but since l = 0, only ml = 0 is possible.


Therefore, the set of quantum numbers that defines the 1s orbital is:


n = 1, l = 0, ml = 0.


(b) 4s: n = 4l = 0, 1, 2, 3, but for the s orbital, l = 0; as for (a) above, if l = 0, ml = 0.


Therefore, the set of quantum numbers that defines the 4s orbital is:


n = 4, l = 0, ml = 0.


(c) 5s: n = 5l = 0, 1, 2, 3, 4 but for the s orbital, l = 0; as above, if l = 0, ml = 0.


Therefore, the set of quantum numbers that defines the 5s orbital is:


n = 5, l = 0, ml = 0.




	1.17For a 3p atomic orbital: n = 3, l = 1, ml = +1, 0 or –1.

Therefore, the three 3p orbitals are defined by the three sets of quantum numbers:








	n

	l

	 ml







	3

	1

	+1






	3

	1

	  0






	3

	1

	−1














	1.18The combination of n = 4 and l = 3 refers to 4f atomic orbitals. For l = 3, the possible values of ml are +3, +2, +1, 0, –1, –2, –3, and so there are 7 atomic orbitals in the 4f set. The sets of 3 quantum numbers that uniquely define each 4f orbital are:







	n

	l

	ml

	 

	 

	n

	l

	ml






	4

	3

	+3

	 

	 

	4

	3

	−1






	4

	3

	+2

	 

	 

	4

	3

	−2






	4

	3

	+1

	 

	 

	4

	3

	−3






	4

	3

	  0

	 

	 

	 

	 

	 












	1.19A hydrogen-like atom or hydrogen-like mononuclear ion contains one electron. To work out the answer to the problem, you need the atomic numbers (Z) of H (1), He (2) and Li (3). Thus, atomic H, He and Li contain 1, 2 and 3 electrons respectively.

(a) H+ has no electrons, and is therefore not hydrogen-like.


(b) He+ has 1 electron, and is therefore hydrogen-like.


(c) He– has 3 electrons, and is therefore not hydrogen-like.


(d) Li+ has 2 electrons, and is therefore not hydrogen-like.


(e) Li2+ has 1 electron, and is therefore hydrogen-like.




	1.20(a) He+ is hydrogen-like, but it does not have the same nuclear charge as H. From footnote to Table 1.2 in the main text, radial part of the wavefunction R(r) is of the form:



 

  R(r)=2

   

    (

     Z

     

      

       a

       0

      

      

    

    )

   

    

     

     3

    

    

     /

     2

    

    

  

  

   e

   

    −(

     

      Zr

     

      

       a

       0

      

      

    

    )

  

  




For H, Z = 1, but for He+, Z = 2. Thus, compared to the curve in Fig. 1.5a in the main text left and drawn in towards the nucleus.


(b) The radial distribution functions for the 1s atomic orbitals in the H atom and He+ ion are shown in Fig. 1.1. Note how (compared to the H atom) the increased nuclear charge on He+ results in there being a greater probability of finding the electron closer to the nucleus.


[image: images]


Fig. 1.1 For answer 1.20b.




	
1.21To find the energy of the 3s orbital of an H atom, use the equation:



 

  E=−

   k

   

    

     n

     2

    

    

  

  




See eq. 1.16 in the main text




 

  E=−

   

    1.312×

     

      10

     3

    

    

   

    

     3

     2

    

    

  

  =−146 kJ 

   

    mol

   

    −1

  

  




In the H atom, orbitals with the same principal quantum number are degenerate, i.e. they have the same energy. Therefore the 3s and 3p atomic orbitals have the same energy.




	1.22Equation 1.16 in the main text is (with Z = 1):



 

  

   

    

     

      E=−

       k

       

        

         n

         2

        

        

      

      

    

    

     

      k = 1.312×

       

        10

       3

      

       

       

        kJ mol

       

        −1

      

      

    

   

  




For n = 1:




 

  E=−

   

    1.312×

     

      10

     3

    

    

   1

  

  =−1312kJ 

   

    mol

   

    −1

  

  




For n = 2:




 

  E=−

   

    1.312×

     

      10

     3

    

    

   4

  

  =−328.0kJ 

   

    mol

   

    −1

  

  




For n = 3, E = –145.8 kJ mol–1, for n = 4, E = –82.00 kJ mol–1; for n = 5, E = –52.50 kJ mol–1.
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Fig. 1.2 For answer 1.22.


The relative spacings of the energy levels are shown in Fig. 1.2 and decrease as n increases. As one approaches the continuum (where n = ∞ ), the energy levels are extremely close together.




	1.23The six sets of quantum numbers that describe the six electrons in the three 5p orbitals are:
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	1.24The approximate order of orbital energies in increasing energy is:

1s < 2s < 3s < 3p < 3d < 4p < 6s < 6p




	1.25In the ground state, the 1s orbital of Li (Z = 3) is fully occupied. The third electron could occupy either a 2s or 2p orbital. This electron will experience the effective nuclear charge of the nucleus, being partially shielded from the nucleus by the 1s electrons. The 2s orbital penetrates the 1s orbital more than the 2p orbital does. Therefore, an electron in a 2p orbital is more shielded from the nucleus than an electron in a 2s orbital. Occupying the 2s orbital rather than the 2p orbital therefore leads to a lower energy system.


	1.26Total number of electrons = atomic number, Z. In the notations below, the core electrons are written inside [ ]. The remaining electrons are the valence electrons.

(a) Na Z = 11Electronic configuration is [1s22s22p6 ] 3s1.


(b) F Z = 9Electronic configuration is [1s2] 2s22p5.


(c) N Z = 7Electronic configuration is [1s2] 2s22p3.


(d) Sc Z = 21Electronic configuration is [1s22s22p63s23p6] 4s23d1.




	1.27Approximate energy level diagrams for Na, F, N and Sc are as follows:

[image: images]





	1.28The ground state electronic configuration of B (Z = 5) is 1s22s22p1.
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	1.29(a) Li:Z = 3

Ground state electronic configuration is 1s22s1.


(b) O:Z = 8


Ground state electronic configuration is 1s22s22p4.


(c) S:Z = 16


Ground state electronic configuration is 1s22s22p63s23p4.


(d) Ca:Z = 20


Ground state electronic configuration is 1s22s22p63s23p64s2.


(e) Ti:Z = 22


Ground state electronic configuration is 1s22s22p63s23p64s23d2.


(f) Al:Z = 13


Ground state electronic configuration is 1s22s22p63s23p1.





	1.30(a) F:Z = 9

The ground state electronic configuration is:


[image: images]


The energy level diagram for the valence electrons is:


[image: images]


(b) Al:Z = 13


The ground state electronic configuration is:


[image: images]


The energy level diagram for the valence electrons is:


[image: images]


(c) Mg:Z = 12


The ground state electronic configuration is:


[image: images]


The energy level diagram for the valence electrons is:


[image: images]





	1.31The arrangement of the np4 electrons is shown in the diagram below. Hund’s (first) rule and the Pauli exclusion principle are used to determine this arrangement of electrons. See Section 1.9 in the main text for further details.

[image: images]


Ground state arrangement of 4 electrons in a set of p orbitals.




	1.32(a) IE4 of Sn = 4th ionization energy. This is the energy required to remove the fourth electron from Sn in the gas phase. The equation that defines the process to which the value of IE4 of Sn refers is:

Sn3+(g) → Sn4+(g) + e–


Energy is required, therefore the enthalpy change is positive. The reaction is endothermic.


(b) (IE1 + IE2 + IE3) is the sum of the first three ionization energies of Al(g), and corresponds to the overall change: Al(g) → Al3+(g) + 3e– . This can be summarized in a thermochemical cycle as shown below:


[image: images]





	
1.33Figure 1.3 shows the trend in the first four ionization energies of X. The value of IE1 is much lower than that of IE2, indicating that the first electron is removed relatively easily, but that the second and subsequent electrons require significantly more energy. This trend is characteristic of a group 1 element, so X is likely to be an alkali metal. (X is actually Rb.)

[image: images]


Fig. 1.3 For answer 1.33.




	1.34(a) Descending group 1 (Fig. 1.4). All values are relatively low, i.e. easy ionization of the first electron: M(g) to M+(g). The general decrease in values down the group reflects the reduced attraction between the nucleus and the valence electron that is being ionized; screening effects increase as more shells of core electrons are added.

(b) Descending group 13: see Fig. 1.5. A decrease from B to Al is expected because the core electrons of Al screen the valence 3p electron from the nuclear charge. The lack of a continued decreasing trend can be explained in terms of the failure of the d- and f-electrons (which have a low screening power) to compensate for the increase in nuclear charge.


(c) Crossing the first row of the d-block: see Fig. 1.6. The overall trend is for a general increase in IE1, but differences between the values is small. For each metal, the ionization: M(g) → M+(g) + e– corresponds to the removal of a 4s electron.


(d) Crossing the row of elements from B to Ne: see Fig.1.7. General increase in IE1 is caused by an increase in Zeff. Nitrogen has a ground state electronic configuration 2s22p3 whereas O is 2s22p4 with one p orbital containing a pair of electrons. The repulsion between these two electrons makes it easier to ionize O than N.


(e) Going from Xe to Cs: Xe (Z = 54) is a noble gas with ground state electronic configuration [Kr]5s24d105p6, so removal of an electron involves removal from a fully occupied quantum shell and requires a very large amount of energy. Cs (Z = 55) is an alkali metal with ground state electronic configuration [Xe]6s1. Removal of the valence electron from a singly occupied orbital in Cs requires a much smaller (although still large) amount of energy than removing the first electron from the full shell in Xe (375.7 versus 1170 kJ mol–1).


[image: images]


Fig. 1.4 For answer 1.34a.


[image: images]


Fig. 1.5 For answer 1.34b.


[image: images]


Fig. 1.6 For answer 1.34c.


[image: images]


Fig. 1.7 For answer 1.34d.


(f) Going from P to S: P (Z = 15) has a ground state configuration [Ne]3s23p3, while that of S (Z = 16) is [Ne]3s23p4. The values of IE1 are 1012 and 999.6 kJ mol–1, and the decrease is explained as for that from N to O in part (d) above.





	1.35(a) See Fig. 1.8.



[image: images]


Fig. 1.8 For answer 1.35.




(b) Increase from H to He: removing an electron from a singly occupied 1s orbital in H, and from a fully occupied (spin-paired electrons) orbital in He. Decrease from He to Li: ground state electronic configuration of Li is 1s22s1, so the first electron to be ionized is from a half-occupied 2s orbital; much less energy is needed than for the removal of an electron from He (1s2). Increase from Li to Be: in Be, the first electron to be removed comes from a filled 2s orbital (spin-paired electrons) compared to the removal of the single electron from the same orbital in Li. Decrease from Be to B: Ground state electronic configuration of B is 1s22s22p1, so the first electron to be removed is from a singly occupied 2p orbital and the 2s2 electrons screen the 2p1 electron from the nuclear charge. Removing the outer electron from B requires less energy than removal of the electron from the 1s22s2 configuration of Be. Trend from B to Ne: see answer 1.34d.




	1.36(a) For the reaction:O(g) + 2e– → O2–(g)

the energy change corresponds to the sum of the first two electron affinities. The use of energy terms labelled ‘electron affinities’ in tables of data requires particular care. Usually, enthalpy changes for the addition of an electron (ΔEAH) are required (e.g. in a thermochemical cycle) rather than the actual electron affinity (EA). These quantities are related by:


ΔEAH(298 K) ≅ ΔEAU(0 K) = –EA


See Box 1.6 in the main text


Let the enthalpy change for the above reaction be ΔrH:


ΔrH = ΔEAH1 + ΔEAH2


where ΔEAH1 and ΔEAH2 are the enthalpy changes for the processes:


O(g) + e– → O–(g)andO–(g) + e– → O2–(g)


From Table 1.5 in the main text:ΔrH = –141 + 798 = +657 kJ mol–1


(b) The formation of O2–(g) from O(g) is highly endothermic, the contributing factor being the endothermic attachment of an electron to O–(g). This contrasts with exothermic attachment of an electron to neutral O(g). The difference arises because of the repulsive forces felt by the second electron as it approaches a negatively charged ion. The fact that many metal oxides composed of ions are thermodynamically stable means that there must be sufficient energy liberated as the Mn+(g) and O2–(g) ions come together (attractive forces) to more than offset the highly endothermic formation of O2–(g). The full thermochemical cycle (see Chapter 6) that must be considered is shown below for CaO:




[image: images]






See the discussion of lattice energies in Chapter 6.


In this thermochemical (Born–Haber) cycle, the atomization of Ca (from solid Ca to gaseous atoms) is endothermic, the atomization of O2 to gaseous O atoms is endothermic, the formation of Mn+(g) from M(g) is endothermic and the formation of O2– from O(g) is endothermic. Both the formation of CaO(s) from its elements in their standard states, and the formation of the ionic lattice from gaseous ions are exothermic.





	1.37The position of an element in the periodic table follows from the number of electrons. The mass number of an isotope is determined by the number of protons (equal to the number of electrons) and the number of neutrons. Each of Ar and K has three naturally occurring isotopes: 36Ar, 38Ar, 40Ar and 39K, 40K, 41K. The relative atomic mass depends on the percentage abundances of the isotopes. For K, the most abundant isotope (93.3%) is the lightest (39K), while for Ar, the most abundant (99.6%) is the heaviest (40Ar).


	1.38For evidence that the aufbau principle is only approximately true, inspect the electronic configurations in Table 1.3 in the main text; see the discussion accompanying this table.


	1.39















	List 1

	Correct match in list 2

	Comments






	S6 and S8


	Allotropes

	See Box 1.1 in the main text






	
19F and 31P

	Monotopic elements

	See Appendix 5 in the main text






	Isotope of hydrogen

	Protium

	See Table 10.1 in the main text






	
12C and 13C

	Isotopes of an element

	






	Hydrogen ion

	Proton

	






	Group 1 elements

	Alkali metals

	






	Same energy

	Degenerate

	






	Negatively charged particle

	Electron

	






	Spin-paired electrons

	
ms = ±½

	






	Electron, proton, neutron

	Fundamental particles

	See Table 1.1 in the main text






	Group 15 elements

	Pnictogens

	






	Cr, Mn, Fe

	
d-Block elements

	










	1.40(a) Each noble gas has a complete shell of electrons, ns2np6. The first ionization energy corresponds to the removal of an electron from this filled level and is energetically unfavourable. See also answers 1.34 and 1.35.

(b) See answer 1.36, parts a and b.


(c) In the ground state Li atom (Z = 3), the 1s orbital is fully occupied. The third electron could occupy either a 2s or 2p orbital. Think about which occupancy will give the lower energy configuration. An electron in a 2s or 2p orbital experiences the effective charge, Zeff, of a nucleus which is partly shielded by the 1s electrons. The 2p orbital penetrates the 1s orbital less than a 2s orbital does, and therefore a 2p electron is shielded from the nuclear charge more than a 2s electron. Thus, the electron occupies the 2s orbital in preference to the 2p since the former gives a lower energy system.


(d) IUPAC uses an interval rather than a single value for Ar to reflect the fact that the natural variation in isotopic composition exceeds the measurement uncertainty in Ar. Isotopes of Pb occur at the ends of radioactive decay chains; thus the source of the isotope depends upon the particular decay chain. The notation [206.14, 207.94] means that the atomic weight in any normal sample of Pb will be greater than or equal to 206.14 and will be less than or equal to 207.94.





	1.41Compare Fig. 1.9 with Fig. 1.16 in the main text; the latter shows the trend in values of IE1. The general appearance of the two graphs from Z = 3 to 36 is similar, but is shifted by two elements, e.g. maximum IE1 values correspond to the noble gases, but maximum IE3 values correspond to group 2 metals. Compare, for example, He and Be. IE1 for He corresponds to the removal of one electron from a 1s2 configuration. IE3 for Be also corresponds to the removal of one electron from a 1s2 configuration, because the ground state configuration for a Be atom is 1s2 2s2.

[image: images]


Fig. 1.9 Trend in values of IE3 for elements Li to Kr.





	1.42Electron affinities are most often used in thermochemical cycles, e.g. Born–Haber cycle, and therefore it is the enthalpy change associated with the attachment of an electron to an atom or ion that is needed.


	1.43(a) The angular part of the wavefunction for the 1s and 2s orbitals is the same and does not depend on angles ϕ and θ:



 

  A(θ,ϕ)=

   1

   

    2

     π

    

    

  

  




See Table 1.2 in the main text


The orbital remains spherically symmetric. The angular parts of the wavefunction for the 2px and 3px orbitals are also the same, as are the angular parts of the wavefunction for the 2py and 3py orbitals, and for the 2pz and 3pz orbitals. The boundary surfaces for the angular parts of the wavefunctions of each pair of orbitals are therefore the same.


(b) The function R(r) is the radial part of the wavefunction. The probability density is described by a plot of 4πr2R(r)2 (the radial distribution function) against r. For the 1s orbital of hydrogen, R(r) = 2e–r. When r = 0, R(r) = 2e0 = 2, i.e. R(r) has a finite value at the nucleus. The radial distribution function depends on r2, and is therefore zero when r = 0.


(c) The electron affinity of F is out of line with the trend observed for Cl, Br and I. Addition of an electron to the small F atom is accompanied by greater electron-electron repulsion than is the case for Cl, Br and I. This is likely to be the reason why the process is less exothermic than might be expected on chemical grounds.





	
1.44The first plot below shows the amount of material imported into the US in 2022, and the second plot shows the same data on a log scale.

[image: images]


[image: images]


The wide range of imported materials (from 1 for Os to 65200 for Pd) is clear in the direct plot top plot above. The larger the range of values covered in a plot of values, the more useful the log plot becomes. A log plot gives information on the relative amounts of imported elements and generates a more convenient scale. The log plot allows you to see that the orders of magnitude of imported Pd and Pt are similar.




	1.45(a) Possible reasons why no other lines are visible in Fig. 1.18 in the main text:



	•no other lines fall in the visible region of the electromagnetic spectrum;


	•some emission lines are too faint to observe (intensity depends on probability of transition occurring);


	•only certain excited states are populated.





(b)
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(c) See Figs. 1.2 and 1.3 in the main text and the accompanying discussion.


















2Basic concepts: molecules




	2.1(a) F2

[image: images]


(b) BF3


[image: images]


(c) NH3


[image: images]


(d) H2Se


[image: images]


(e) H2O2


[image: images]


(f) BeCl2


[image: images]


(g) SiH4


[image: images]


(h) PF5


[image: images]





	2.2Allocate electrons to form N–H or N–F bonds, and then see how many unpaired electrons remain on each N atom:

(a) N2H4


[image: images]


(b) N2F4


[image: images]


(c) N2F2


Isomers of N2F2 are possible: see answers 2.19f and 2.19g


[image: images]


(d) [N2H5]+


[image: images]





	
2.3Figure 2.1 shows the experimental structure of O3. Resonance structures show possible covalent bonding descriptions. Overall bonding picture is a combination of resonance structures, although not all may contribute equally. Resonance structures do not exist as separate species. In O3, each O atom has 6 valence electrons. Possible resonance structures (ignoring those with unreasonably high charge separation, e.g. O2– and O2+ centres) are:



[image: images]






[image: images]


Fig. 2.1 Molecular structure of O3.





	2.4(a) CO2

[image: images]


(b) SO2


[image: images]


(c) OF2


[image: images]


(d) H2CO


[image: images]





	2.5Draw a Lewis structure for each molecule:

(a)


[image: images]


(b)


[image: images]


(c)


[image: images]


The Lewis structures show that NO and NF2 are radicals (one unpaired electron on N). For O2, the Lewis structure shows that all valence electrons are paired. In fact, O2 is a diradical, and this can be rationalized by using MO theory.





	2.6(a) First write down the ground state electronic configuration to determine the valence electrons available. Then draw out a set of resonance structures.

Li2


Li:Z = 31s22s11 valence electron available


The bonding in Li2 is described in a similar way to that in H2; resonance structures are:


[image: images]


B2


B:Z = 51s22s22p13 valence electrons available


The bonding in B2 is described in terms of the following resonance structures (remember that in Lewis structures, odd electrons are paired wherever possible):


[image: images]


C2


C:Z = 61s22s22p24 valence electrons available


The bonding in C2 is described in terms of the following resonance structures:


[image: images]


(b) In each of the resonance structures drawn in part (a), all electrons are paired and so each molecule is predicted to be diamagnetic. There is therefore agreement with experiment for Li2 and C2, but not for B2.





	2.7(a) H2

H:Z = 11s11 valence electron available


[image: images]


The left-hand resonance structure is consistent with an H–H single bond; bond order = 1. An ambiguity is not knowing to what extent the ionic resonance hybrids contribute. In the remaining parts of the question, only covalent resonance structures are considered; additional contributions may be made by ionic forms.


(b) Na2


Na:Z = 111s22s22p63s1 1 valence electron available


The bonding picture involves resonance structure 2.1 and this is consistent with a bond order of 1.


[image: images]


(2.1)


(c) S2


S:Z = 161s22s22p63s23p46 valence electrons available


The bonding picture will be analogous to that in O2 (see the end of Section 2.2 in the main text); it involves resonance structure 2.2, and is consistent with a bond order of 2.


[image: images]


(2.2)


(d) N2N:Z = 71s22s22p35 valence electrons available


Pairing of electrons, and obeying the octet rule, leads to 2.3 as the major contributing resonance structure. This is consistent with a bond order of 3. This conclusion assumes that resonance structure 2.4 (in which each N only has a sextet of valence electrons) does not contribute significantly.


[image: images]


(2.3)


[image: images]


(2.4)


(e) Cl2


Cl:Z = 171s22s22p63s23p57 valence electrons available


The bonding is described in terms of resonance structure 2.5, consistent with a bond order of 1.


[image: images]


(2.5)





	2.8Ground state electronic configuration of He (Z = 2) is 1s2. Within VB theory, the resonance structures that could be drawn (remembering that electrons are paired so far as possible) are:

[image: images]


The double bond formation is not possible with only the 1s orbital per He atom, and the ionic form is unreasonable (look at ionization energies for He). It is concluded that He2 is not a viable species. (The real question is ‘What is the stability of He2 with respect to 2He?’ and VB theory does not give an answer to this.)





	2.9(a) and (b) First, determine the available valence orbitals for each atom. He:

Z = 2


The valence orbital is the 1s orbital. For the combination of two 1s atomic orbitals, the MO diagram is as shown below. Each He atom provides 2 electrons, so He2 possesses 4 electrons which fully occupy both the σg(1s) and σu*(1s) MOs.


In [He2]+, there are 3 electrons; these occupy the MOs shown in the diagram to give an electronic configuration σg(1s)2σu*(1s)1. In [He2]2+, there are 2 electrons and they occupy the MOs to give an electronic configuration of σg(1s)2.


The bond order in [He2]+ is ½(2–1) = ½.


The bond order in [He2]2+ is ½(2–0) = 1.


Both [He2]+ and [He2]2+ are therefore viable species. Note that [He2]2+ is isoelectronic with H2.


[image: images]





	2.10(a) O: Z = 8 Ground state electronic configuration = 1s22s22p4. The 1s electrons are core electrons; the 2s and 2p orbitals and electrons are in the valence shell. Define the O–O internuclear axis to coincide with the z axis (diagram 2.6). For O2, the MO diagram is constructed by allowing:

[image: images]


(2.6)




	•2s orbital of each O atom to interact together to give a σ-bonding combination and antibonding counterpart;


	•2pz orbitals on the O atoms to interact to give σ-bonding MO and σ* MO;


	•2px orbitals on the O atoms to interact to give π-bonding MO and π* MO;


	•2py orbitals on the O atoms to interact to give π-bonding MO and π* MO.





The π-bonding MOs are degenerate and so are the two π* MOs:


[image: images]


Now put in the electrons. Each O atom has 6 valence electrons, so there are 12 electrons in O2 and these occupy the lowest lying MOs to give an electronic configuration of σg(2s)2σu*(2s)2σg(2pz)2πu(2px)2πu(2py)2πg*(2px)1πg*(2py)1.


(b) Trend in O–O bond distances: O2, 121 pm; [O2]+, 112 pm; [O2]–, 134 pm; [O2]2–, 149 pm, i.e. [O2]2– > [O2]– > O2 > [O2]+.


Using scheme 2.7, and assuming that the same qualitative MO diagram (above) is appropriate for each species, the electronic configurations of each species are:


[image: images]


(2.7)


[O2]2–σg(2s)2σu*(2s)2σg(2pz)2πu(2px)2πu(2py)2πg*(2px)2πg*(2py)2


[O2]–σg(2s)2σu*(2s)2σg(2pz)2πu(2px)2πu(2py)2πg*(2px)2πg*(2py)1


O2σg(2s)2σu*(2s)2σg(2pz)2πu(2px)2πu(2py)2πg*(2px)1πg*(2py)1


[O2]+σg(2s)2σu*(2s)2σg(2pz)2πu(2px)2πu(2py)2πg*(2px)1πg*(2py)0


The bond orders are therefore:


[O2]2–½(8 – 6) = 1[O2]–½(8 – 5) = 1.5


O2½(8 – 4) = 2[O2]+½(8 – 3) = 2.5


These bond orders are consistent with the sequence of bond lengths above, with the lowest bond order corresponding to the longest bond. Such a correlation can only be made along a series of closely related species.


(c) A paramagnetic species contains one or more unpaired electrons: [O2]–, O2 and [O2]+ are paramagnetic, but [O2]2– is diamagnetic.





	2.11(a) CF4:C (group 14) has 4 valence electrons

F (group 17) has 7 valence electrons


In CF4, C forms 4 single bonds and each atom has an octet of valence electrons.


[image: images]


(b) O2:O (group 16) has 6 valence electrons


In O2, each O forms a double bond and each atom has an octet of valence electrons.


[image: images]


(c) AsBr3:As (group 15) has 5 valence electrons


Br (group 17) has 7 valence electrons


In AsBr3, As forms 3 single bonds and each atom has an octet of valence electrons.


[image: images]


(c) SF2:S (group 16) has 6 valence electrons


F (group 17) has 7 valence electrons


In SF2, S forms 2 single bonds and each atom has an octet of valence electrons.


[image: images]





	2.12P (group 15) has 5 valence electrons, and F (group 17) has 7 valence electrons. If all 5 valence electrons of the P atom are used to form P–F single bonds, the P atom has 10 electrons in its valence shell. A charge-separated species with a P+ centre can be drawn so that each atom obeys the octet rule:

[image: images]


A set of 5 resonance structures must be drawn so as to make the 3 equatorial bonds equivalent and the 2 axial bonds equivalent:


[image: images]





	
2.13Refer to the portion of the periodic table drawn below. This shows the elements needed for the question. Remember that moving one place to the right in the table adds a valence electron, and on moving one place to the left, there is one less electron.

(a) [NO2]+, CO2 and [N3]– are isoelectronic with each other. Each has 16 valence electrons. [NO2]– has 18 valence electrons.


(b) [CN]–, N2, CO and [NO]+ are isoelectronic. Each has 10 valence electrons. [O2]2– has 14 valence electrons.


(c) [SiF6]2–, [PF6]– and [AlF6]3– are isoelectronic. Each has 48 valence electrons. [BrF6]– has 50 valence electrons.


[image: images]





	2.14If two species are isoelectronic, they possess the same number of electrons. However, the term is often used to describe species which have the same number of valence electrons.

F2 is isoelectronic with [O2]2–; it is also isoelectronic with Cl2 in terms of valence electrons.


NH3 is isoelectronic with [H3O]+.


[GaBr4]– is isoelectronic both with SiBr4 and [GaCl4]– in terms of valence electrons.


[SH]– is isoelectronic with [OH]– in terms of valence electrons.


[BH4]– is isoelectronic with [NH4]+.


[AsF6]– is isoelectronic with SeF6.


[PBr4]+ is isoelectronic with SiBr4; it is has the same number of valence electrons as [GaCl4]–.


HF is isoelectronic with [OH]–.





	2.15When drawing a diagram to show a dipole moment, remember that by SI convention, the direction of the dipole moment is indicated by an arrow that points from the δ– to δ+ end of the molecule.



















	(a) N–H

	
χP(N) = 3.0

	
χP(H) = 2.2

	Polar: Nδ––Hδ+


	See 2.8.






	(b) F–Br

	
χP(F) = 4.0

	
χP(Br) = 3.0

	Polar: Fδ––Brδ+


	See 2.9.






	(c) C–H

	
χP(C) = 2.6

	
χP(H) = 2.2

	Slightly polar: Cδ––Hδ+


	See 2.10.






	(d) P–Cl

	
χP(P) = 2.2

	
χP(Cl) = 3.2

	Polar: Pδ+–Clδ–


	See 2.11.






	(e) N–Br

	
χP(N) = 3.0

	
χP(Br) = 3.0

	Non-polar

	







[image: images]


(2.8)


[image: images]


(2.9)


[image: images]


(2.10)


[image: images]


(2.11)





	2.16Two species are isoelectronic if they possess the same total number of electrons. ‘Isoelectronic’ is also used to mean ‘same number of valence electrons’, although strictly this usage should always be qualified (see also problem 2.14). In this answer, assume that ‘isoelectronic’ is strictly applied and that you are looking for pairs of species with the same total number of electrons. Rather than count the number of electrons, use the periodic table (see below) to help you: moving one place to the right in the table means one more electron (e.g. going from O to F), and moving one place to the left means one less electron (e.g. going from S to P). A negative charge adds an electron; a positive charge takes one away, e.g. N+ is isoelectronic with C. The following species form isoelectronic pairs:

HF and [OH]–NH3 and [H3O]+


CO2 and [NO2]+SiCl4 and [AlCl4]–


The remaining molecules do not have isoelectronic partners in the list.


[image: images]





	
2.17The VSEPR model is summarized in the following ‘rules’.



	•Each valence-shell electron pair of central atom E in molecule EXn with E–X single bonds is stereochemically significant; electron pair–electron pair repulsions determine the shape of EXn.


	•Electron–electron repulsions decrease in the order:

lone pair–lone pair > lone pair–bonding pair > bonding pair–bonding pair.





	•Where E–X bonds are of different bond orders, electron–electron repulsions decrease in the order:

triple bond–single bond > double bond–single bond > single bond–single bond.





	•Electron–electron repulsions between bonding pairs in EX n depend on the difference between electronegativities of E and X; repulsions are less the more the E–X bonding electron density is drawn towards X.





Use Table 2.3 (‘Parent’ shapes) in the main text


(a) H2Se


Central atom is Se


Se is in group 16, so number of valence electrons = 6


Number of bonding pairs (2 Se–H bonds) = 2


Number of lone pairs = 2


Total number of electron pairs = 4 = 2 bonding and 2 lone pairs


‘Parent’ shape = tetrahedral, see structure 2.12.


Molecular shape = bent.


[image: images]


(2.12)


(b) [BH4]–


Central atom is B


B is in group 13, so number of valence electrons = 3


Add one extra electron for the negative charge


Number of bonding pairs (4 B–H bonds) = 4


No lone pairs


Total number of electron pairs = 4 = 4 bonding pairs


‘Parent’ shape = tetrahedral, see structure 2.13.


Molecular shape = tetrahedral


[image: images]


(2.13)


(c) NF3


Central atom is N


N is in group 15, so number of valence electrons = 5


Number of bonding pairs (3 N–F bonds) = 3


Number of lone pairs = 1


Total number of electron pairs = 4 = 1 lone and 3 bonding pairs


‘Parent’ shape = tetrahedral, see structure 2.14.


Molecular shape = trigonal pyramidal


[image: images]


(2.14)


(d) SbF5


Central atom is Sb


Sb is in group 15, so number of valence electrons = 5


Number of bonding pairs (5 Sb–F bonds) = 5


Number of lone pairs = 0


Total number of electron pairs = 5 = 5 bonding pairs


‘Parent’ shape = trigonal bipyramidal, see structure 2.15.


Molecular shape = trigonal bipyramidal


[image: images]


(2.15)


(e) [H3O]+


Central atom is O


O is in group 16, so number of valence electrons = 6


Subtract one electron to allow for the positive charge


Number of bonding pairs (3 O–H bonds) = 3


Number of lone pairs = 1


Total number of electron pairs = 4 = 1 lone and 3 bonding pairs


‘Parent’ shape = tetrahedral, see structure 2.16.


Molecular shape = trigonal pyramidal


[image: images]


(2.16)


(f) IF7


Central atom is I


I is in group 17, so number of valence electrons = 7


Number of bonding pairs (7 I–F bonds) = 7


Number of lone pairs = 0


Total number of electron pairs = 7 = 7 bonding pairs


‘Parent’ shape = pentagonal bipyramidal, see structure 2.17.


Molecular shape = pentagonal bipyramidal


[image: images]


(2.17)


(g) [I3]–


Central atom is I


I is in group 17, so number of valence electrons = 7


Add one extra electron for the negative charge


Number of bonding pairs (2 I–I bonds) = 2


Number of lone pairs = 3


Total number of electron pairs = 5 = 2 bonding and 3 lone pairs


‘Parent’ shape = trigonal bipyramidal, see structure 2.18.


Molecular shape = linear


[image: images]


(2.18)


(h) [I3]+


Central atom is I


I is in group 17, so number of valence electrons = 7


Subtract one extra electron to allow for the positive charge


Number of bonding pairs (2 I–I bonds) = 2


Number of lone pairs = 2


Total number of electron pairs = 4 = 2 bonding and 2 lone pairs


‘Parent’ shape = tetrahedral, see structure 2.19.


Molecular shape = bent


[image: images]


(2.19)


(i) SO3


Central atom is S


S is in group 16, so number of valence electrons = 6


Each S–O bond is a double bond; number of S=O bonds = 3


For interelectronic repulsions, count each bond as 1 electron ‘pair’


Number of lone pairs = 0


Total number of electron ‘pairs’ = 3 = 3 bonding ‘pairs’


‘Parent’ shape = molecular shape = trigonal planar, see structure 2.20.


[image: images]


(2.20)





	2.18Figure 2.2 shows the structure of SOF4. It is trigonal bipyramidal, and since S has 6 valence electrons, there are no stereochemically active lone pairs.

Molecular and ‘parent’ shape = trigonal bipyramidal


Valence electrons from S = 6, from O = 2, from each F = 1


Total valence electrons = 12 = 6 pairs available for bonding


Total number of electron ‘pairs’ from Fig. 2.2 = 5 bonding ‘pairs’


Number of lone pairs = 0


One electron ‘pair’ in the VSEPR model arises from a formal double bond.


The structure can be rationalized if one considers the bond orders (see Fig. 2.2). Since double bond–single bond repulsions > single bond–single bond repulsions, electronic repulsions are minimized if the O atom lies in the equatorial plane.


Bond orders: (a) S–F single bonds; bond order 1; (b) S=O double bond; bond order 2.


[image: images]


Fig. 2.2 For answer 2.18.





	2.19The shapes are found by using the VSEPR model – method as in answer 2.17.

(a) H2S


This is like H2Se (see answer 2.17a). First, consider each S–H bond:


S–HχP(S) = 2.6χP(H) = 2.2Polar bond: Sδ––Hδ+


By SI convention, the arrow representing a dipole moment points from δ– to δ+


Now consider the molecule as a whole, taking into account lone pairs. The bond dipole moments reinforce each other, and the molecular dipole moment is enhanced by the 2 lone pairs. The direction of the resultant dipole moment is shown in 2.21.


[image: images]


(2.21)


(b) CO2


The VSEPR model is consistent with a linear molecule (2 bonding ‘pairs’; C=O double bonds and no lone pairs), see structure 2.22.


[image: images]


(2.22)


For the bond dipole moments:


C–OχP(C) = 2.6χP(O) = 3.4Polar bond:Oδ––Cδ+


However, because the molecule is linear and symmetrical, the two bond dipole moments cancel one another (2.23), and the molecule is non-polar.


[image: images]


(2.23)


(c) SO2


The VSEPR model is consistent with a bent molecule (2 bonding ‘pairs’: S=O double bonds and 1 lone pair), see structure 2.24.


[image: images]


(2.24)


In order to work out if the molecule is polar, look first at each bond dipole moment:


S–OχP(S) = 2.6χP(O) = 3.4Polar bond:Sδ+–Oδ–


The bond vectors reinforce each other (2.24), but the resultant of these bond moments opposes effect of the lone pair. It is qualitatively difficult to assess direction of net molecular dipole moment. Experimental value for dipole moment in gas phase SO2 is 1.63 D; diagram 2.25 shows direction in which dipole moment acts.


[image: images]


(2.25)


(d) BF3


The VSEPR model is consistent with trigonal planar BF3 (3 bonding and no lone pairs), see structure 2.26. Now consider each bond dipole moment:


[image: images]


(2.26)


B–FχP(B) = 2.0χP(F) = 4.0Polar bond:Bδ+–Fδ–


Each bond is polar, but the molecule is non-polar because the 3 bond dipole moments (which are vectors) cancel out. Show this by resolving the vectors into two opposing directions. Let each vector be V. The vectors act as shown below:


Resolving vectors into opposing upward and downward directions:


In an upward direction:total vector = V


In a downward direction:total vector = 2 × V cos60


= 2 × V / 2


= V


[image: images]


Therefore, the two equal and opposite vectors cancel out.


(e) PF5


The VSEPR model is consistent with a trigonal bipyramidal molecule (2.27). Determine whether each bond is polar by considering the electronegativity values:


[image: images]


(2.27)


P–FχP(P) = 2.2χP(F) = 4.0Polar bond:Pδ+–Fδ–


Each bond is polar, but the molecule is non-polar because:




	•the 3 bond dipole moments in the equatorial plane cancel out, and the reasoning for this is the same as for trigonal planar BF3 in part (d);


	•the 2 axial bond dipole moments are of equal magnitude but act in opposite directions, therefore the net dipole moment in the axial direction is zero.





(f) cis-N2F2


Answer 2.2c showed a Lewis structure for N2F2 although we ignored the possibility of isomers. Starting from this Lewis structure, apply the VSEPR model to show that cis-N2F2 contains two trigonal planar N centres. The molecule is planar (2.28) because the N=N double bond constrains structure. Now consider each N–F bond:


[image: images]


(2.28)


χP(N) = 3.0χP(F) = 4.0Polar bond:Nδ+–Fδ–


Each bond is polar, but resultant moment of the 2 bonds opposes resultant moment due to the two lone pairs (2.29). It is impossible at a qualitative level to decide whether the vector V2 > V1, or V2 < V1. The experimental value of the molecular dipole moment is 0.16 D, and theoretical calculations indicate that V2 < V1.


[image: images]


(2.29)


(g) trans-N2F2


As in part (f), start from the Lewis structure in answer 2.2c; use the VSEPR model to show that trans-N2F2 contains two trigonal planar N centres. The molecule is planar (2.30). Although each N–F bond is polar (as above), bond dipole moments cancel out, and dipole moments due to lone pairs cancel out. Therefore, trans-N2F2 is non-polar.


[image: images]


(2.30)


(h) HCN


Start from a Lewis structure and apply the VSEPR model. HCN is linear (2.31). Now consider electronegativities of the atoms:


[image: images]


(2.31)


χP(H) = 2.2χP(C) = 2.6χP(N) = 3.0


Each bond is polar:Hδ+–Cδ–Cδ+–Nδ–


The 2 bond dipole moments reinforce each other, and resultant molecular dipole moment acts in the direction shown in diagram 2.31.





	2.20(a) BF2Cl

The VSEPR model is consistent with a trigonal planar molecule (3 bonding pairs, no lone pairs). No stereoisomers are possible; any view that you draw can be converted into any other by a simple rotation, e.g. (i) to (ii) in structure 2.32.


[image: images]


(2.32)


(b) POCl3


Starting from a Lewis structure, followed by application of the VSEPR model gives a tetrahedral structure. No isomers are possible.


(c) MePF4


The structure of MePF4 is related to PF5 (trigonal bipyramidal, see answer 2.19e) but with one F atom replaced by a methyl group. The trigonal bipyramid contains 2 distinct sites: axial and equatorial. Two isomers are possible (2.33).


[image: images]


(2.33)


(d) [PF2Cl4]–


Start with a Lewis structure and apply the VSEPR model: [PF2Cl4]– is octahedral. Two F atoms can be mutually adjacent or opposite giving cis- and trans-isomers respectively (2.34 and 2.35).


[image: images]


(2.34)


[image: images]


(2.35)





	
2.21(a)

[image: images]


(b) The remaining six MOs are represented schematically as follows:


[image: images]





	2.23(a) The structures of trans and cis-[PtCl2(PPh3)2] are shown in diagrams 2.36 and 2.37, respectively. On steric grounds, the trans-isomer should be favoured because the bulky PPh3 groups are further apart than in the cis isomer.

[image: images]


(2.36)


[image: images]


(2.37)


(b) NSF3: S has 6 valence electrons. After the formation of the SN triple bond, S has 3 valence electrons which are involved in the formation of 3 S–F bonds. The VSEPR model is therefore consistent with a tetrahedal structure.


SF4: S has 6 valence electrons. After the formation of 4 S–F bonds, a lone pair remains on the S atom. This lone pair is stereochemically active. Exercise: How are the structures below adapted to accommodate the octet rule?


[image: images]


(c) Kr has 8 valence electrons and after the formation of 2 Kr–F bonds, 3 lone pairs remain. These preferentially occupy equatorial sites in a trigonal bipyramidal arrangement (structure 2.38).


[image: images]


(2.38)





	2.23(a) IF5 has a square-based pyramidal structure (2.39). There will be a net dipole moment acting along the I–F(axial) bond. Qualitatively, it is difficult to assess its direction.

[image: images]


(2.39)


(b) Both Li and K are group 1 metals and for each, the first ionization involves the loss of the ns1 electron. For Li, n = 2, and for K, n = 4. The 4s electron in K is better shielded from the nuclear charge than the 2s electron in Li, and therefore the first ionization energy of K is lower than that of Li.


(c) B is in group 13 and has 3 valence electrons. Once 3 B–I bonds are formed, all valence electrons have been used for bonding. P is in group 15 and has 5 valence electrons. The formation of 3 P–I bonds leaves a lone pair on the P atom. Using the VSEPR model, a trigonal planar geometry is expected for BI3, while the structure of PI3 is trigonal pyramidal, i.e. it is based on a tetrahedral arrangement of 1 lone and 3 bonding pairs of electrons.





	2.24(a) He has the electronic configuration 1s2. Removal of the first electron generates He+. Removal of the remaining 1s electron from this positively charged ion requires more energy than removal of the initial electron.

(b) N2F2 has two isomers (look back at structures 2.28-2.29). The cis-isomer is polar, whereas the trans-isomer is non-polar. Heating N2F2 at 373 K converts the trans-isomer to the cis-form.


(c) S2 is (in terms of valence electrons) isoelectronic with O2. Figure 2.10 in the main text shows an energy level diagram for O2 and illustrates that the HOMO is degenerate and each orbital is singly occupied. Similarly, the HOMO of S2 is degenerate, i.e. πg*(3px)1π g*(3py)1. The unpaired electrons mean that S2 is paramagnetic.





	2.25(a) Bromine has two isotopes, 79Br and 81Br, each in approximately 50% abundance. Naturally occurring Br2 therefore exists as (79Br)2, (81Br)2 and (79Br81Br). In the mass spectrum of Br2, the envelope of peaks for the parent ion Br2+ consists of peaks corresponding to (79Br)2+, (81Br)2+ and  (79Br81Br)+ at values of m/z = 158, 162 and 160 respectively.

(b) Within a diatomic Br2 molecule, the intramolecular Br–Br distance in the solid state is 227 pm. The molecules pack in an ordered array and the distance of 331 pm corresponds to the shortest intermolecular separation.


For details of the structure, see Fig. 17.5 in the main text


(c) Br2 has a single bond. This can be deduced from VB or MO theory. The ground state electronic configuration (valence electrons only) for Br2 is:


σg(4s)2σu*(4s)2σg(4pz)2πu(4px)2πu(4py)2πg*(4px)2π g*(4py)2


Compare with the energy level diagram for F2 in Fig. 2.10 in the main text


The bond order is therefore 1. On going from Br2 to Br2+, an electron is removed from an antibonding orbital, and the bond order increases. This is consistent with a shortening of the Br–Br bond.





	2.26(a) Stereoisomers of [SiF3Me2]– :

[image: images]


The isomer with the Me groups in the equatorial positions (2 F atoms axial) is preferred. (This preference is also seen in the isoelectronic PF3Me2.) Two approaches to rationalizing this:




	•on steric grounds, the smallest ligands tend to occupy the most crowded sites in the trigonal bipyramid, i.e. the axial sites with 90o angles to neighbouring ligands, as opposed to equatorial sites with 120o angles;


	•within the VSEPR model, the most electronegative ligands (i.e. those with the smallest bonding electron domains) occupy the more crowded axial sites.





Both points are consistent with the observation that in [SiF3Me2]–, the Me groups occupy equatorial sites.


(b) The complexes all contain Pt(II) and are square planar (see Chapter 20 in the main text for an explanation). For each of [PtCl4]2–, [PtCl3(PMe3)]– and [PtCl(PMe3)3]+, only one arrangement of ligands is possible, but for [PtCl2(PMe3)2], the ligands may be in cis- or trans-arrangements.


[image: images]





	2.27(a) P is in group 15, and has 5 valence electrons. Therefore the ions present in [PCl4][PCl3F3] are [PCl4]+ and [PCl3F3]–. The shapes are determined by using the VSEPR model:

[PCl4]+


Take the centre to be P+, with 4 valence electrons


Number of bonding pairs (4 P–Cl bonds) = 4


Number of lone pairs = 0


Total number of electron pairs = 4 = 4 bonding pairs


Molecular shape = tetrahedral


[PCl3F3]–


Take the centre to be P–, with 6 valence electrons


Number of bonding pairs (6 P–X bonds) = 6


Number of lone pairs = 0


Total number of electron pairs = 6 = 6 bonding pairs


Molecular shape = octahedral


No stereoisomers are possible for [PCl4]+. For [PCl3F3]–, the Cl (or F) atoms may be in a mer- or fac-arrangement:


[image: images]


(b) BCl3


Central atom is B with 3 valence electrons (group 13)


Number of bonding pairs (3 B–Cl bonds) = 3


Number of lone pairs = 0


Total number of electron pairs = 3 bonding pairs


Molecular shape = trigonal planar (structure 2.40).


[image: images]


(2.40)


NCl3


Central atom is N with 5 valence electrons (group 15)


Number of bonding pairs (3 N–Cl bonds) = 3


Number of lone pairs = 1


Total number of electron pairs = 4


Molecular shape = trigonal pyramidal (structure 2.41).


[image: images]


(2.41)


BCl3 is non-polar, whereas NCl3 is polar. In BCl3, the bond dipole moments cancel out (see answer 2.19d). In NCl3, the resultant of the bond dipole moments acts in a direction opposing the effect of the lone pair. The molecule is polar (dipole moment = 0.39 D) and the direction in which the dipole moment acts is shown in 2.42. Remember that by SI convention, the arrow representing a dipole moment points from δ– to δ+.


[image: images]


(2.42)




(c) [InCl5]2−


Central atom is In with 3 valence electrons (group 13) 


The 2− charge adds an additional 2 electrons


Number of bonding pairs (5 In–Cl bonds) = 5


Number of lone pairs = 0 


Total number of electron pairs = 5 bonding pairs 


Predicted molecular ion shape = trigonal bipyramidal


Based upon VSEPR theory, the observed square-based pyramidal structure would be expected to be derived from a 'parent' octahedral structure with 5 bonding pairs and 1 lone pair. However, energy differences between 5-coordinate geometries are often small and in the solid state, preferences between trigonal bipyramidal and square-based pyramidal can be tipped by crystal packing forces.





	2.28(a) [SiF6]2–

Take the centre to be Si2–, with 6 valence electrons (Si is in group 14)


Number of bonding pairs (6 Si–F bonds) = 6


Number of lone pairs = 0


Total number of electron pairs = 6


Molecular shape = octahedral


All F atoms are equivalent (structure 2.43).


[image: images]


(2.43)


(b) XeF4


Xe has 8 valence electrons (group 18)


Number of bonding pairs (4 Xe–F bonds) = 4


Number of lone pairs = 2


Total number of electron pairs = 6


‘Parent’ shape = octahedral


Molecular shape = square planar (structure 2.44)


All F atoms are equivalent.


[image: images]


(2.44)


(c) [NF4]+


Take the central atom as N+, with 4 valence electrons (N is in group 15)


Number of bonding pairs (4 N–F bonds) = 4


Number of lone pairs = 0


Total number of electron pairs = 4
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