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USING THE CHEMISTRY CASSETTE

Please read this carefully before you start

This Chemistry Cassette presentation comprises an audio-cassette and this
accompanying booklet. The two are designed to be used together and you should
have the booklet with you as you work through the cassette. You should also have
pencil and paper handy.

Material in this booklet is divided into numbered *frames’ and Professor Hills makes

-reference to frame numbers as he speaks. Each frame contains relevant diagrams.

tables. figures, etc. and you should locate and study these wherever appropriate.

Tape recorded material has the important feature of being ‘self-pacing’. This means
that you can work through it at your own pace. switching off the player whenever
you want to think, to write some notes. to study a diagram. etc., and you can use
the rewind control to repeat material that you may not have fully understood on a
first hearing. To gain the greatest benefit from this presentation you should make
full use of these features. You should make notes whenever appropriate: these will
then supplement the material contained in the booklet and, together with this, will
serve as an authoritative introduction to the subject.

The running time of the cassette is:
Side A 17 min.

Side B 17 min.
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1 CH,COOH + aq o cn3coo'(aq) + H+(lq) (1)

There is evidence that the hydrogen ion interacts with water in
+ +
30 or even Hgo,‘. The use of

symbol (aq) may therefore be inadequate in this context and equation

a specific way to form a complex H

(1) could be rewritten as

aq
CH.COOH + 1,0 =c

X 00 (aq) + H.0"

3 3

i.e, as a chemical reaction.

[nsz’mf’] + 20— (aq) + 507 ) us”(aq)-sof'uq)] @
solid . ion pair

n.b. In spite of the ionic character of Hgsol‘, it does not completely

dissociate into ions when dissolved in aqueous solutions. This is

because of the strong electrostatic attraction between the two divalent

ions. In solvents of much lower dielectric constant, even monovalent

ions may form ion-pairs.

2 For the process

NaCl(solid) + aq —— Na*(aq) + C17(aq); 3
Acsolution—.o as the solution approaches saturation.

&

Acsolution - "csolution for a solution of unit activigy

(see beiow)
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3 NaCl wwee—se Na + Cl ; AG = -Acluticc O

———
crystal | in vacuo

+ - + -
Na +Cl + aq e——e Na (aq) + Cl (aq); AC = Aclolvati_.on (5)
in vacuo
AGsoluti.r.v-n - Acsolvat’.icm - AGlntt’.ice ©
4 The Madelung equation for the lattice energy per mole of a
crystalline compound of two monovalent ions:
2

Ne A 11,

86 attice d ! nf ) 0

where N is the Avogadro number, e the electronic charge, A the

geometric (Madelung) constant, d_ the inter-ionic separation and

+
n is a repulsion constant derived from measurements of crystal
compressibility and approximately equal to 10. You may care to
check that the calc’ulat_ed value _for sobdium chloride [A =1l.75: d, =
2.8 x 10'8m and e = 4.8 x lo-loe.s.u.] is close to that observed, -

. namely, =765 kJ/mol. [To be up~-to-date one should use the S.I.

1 19

system of units, namely d = 2.8 x 10” om and e = 1.6 x 10 coulomb.

Because of the complications in defining electrical and magnetic

units this will require a more complex formula, namély

AC = - N ez A 21
Gve d nj’
0
where % is the so-called permittivity of free space (equal to
-9

;—2—; + Insertion of these values will give the same answer as befote.]

The Born equation for the solvation energy of a single monovalent
ion of radius ; in a solvent of dielectric constant, ¢, can be

derived as follows:

2
energy of the ion in a vacuum i - %-
energy of the ion in'a dielectric e (8)
free energy of transfer from )
: 2
vacuum to dielectric --L ( - .1.) .
_— - 2¢e €

For one mole of both cations and anions (and in practice they

are inseparable)

Nez(r..> + r-) 1
c , e e ] - & 9
solvation 2r+r_ e J*

where r_and r_ are respectively the effective radii of the

A

cationic and anionic species in solution.
Recalling that the dielectric constant of water at
25°C and 1 atm pressure is 78.5, then you may care to calculate

4G ;.  for aqueous sodium chloride and compare it with the
solvation

observed value of 715 kJ/mol. [r + = 0,98 x 10‘100;

Na
Top = 1.8l x lo-lom.] It is far too high because the

crystallographic radii are inappropriate for this calculation.
We need instead to use the (unknown) radii of the cavities in

the solvent in which the ions reside.




6 Acmluti.cm ° mlolution - .usaolutiou (10)

Aslolution“ “RlnX (11)

where X is the mole fraction of the solute species.

As X ~ 0, Asloh.lti.m\ e
.
The mole fraction of a species A is its fractional molecular '
n .
A

content, i.,w, X = cee————
A nA + n’.....
volume or for any fixed amount of the system.

, where n = number of moles per unit

The concentration of a dilute aqueous l_olutiou at room
temperature, c,, in mol/dm3 is related to the mole fraction, X‘.

by the density and molecular weight of water, i.e.

<
. A
L& TS -

A
and is thus much smaller than CA‘

z Electric field at the surface of the ion of radius r and

electronic charge e is -.1- (12)
r
. o -8 . -10
For an ion of radius 1A (10 cm = 0.l am = 10 "'m)

in vacuo

Ly = 14 x 10°V/cn
B ,

Even in solvents of high dielectric constant such as water

(s 80), the field is still 1.8 x 10’ V/ca.

(frame continued on next page) |

CONTD
S’
Figure la. The (Born) continuum model of an ion in a continuous
dielectric
D

F.

igure 1b. The molecular model of an ion in a molecular dielectrie,
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chemical standard activity
potential chemical
potential
independent of the the separate values depend on
units of concentration the units of a,.
As before n, is the number of moles of A,
-
u, = M, ¢ RT ln a .

u = u: 4+ RT In a_

Because »_ 4 u_ =

- a8
a R

The mean ionic activity a,_ = Ja’a_ - /a

for a simple (1:1) electrolyte

(13)

(14)

(15)

(16)

an

concentration

9 : activity coefficient = —imL—-

The activity coefficient is dimensionless; the activity and

concentration can be expressed in any convenient units. If we use

mol/dm3 then we normally write this reldtionship

nle

- f'

where f is the molar activity coefficient or just the activity
coefficient. In this type of study we often express concentrations

as molalities, mol/kg of solvent, because then they are independent

of temperature. In this case we redefine the activity coefficient as

(frame continued on next page)

9

CONTD

Bim
[ ]
<

where y = molal activity coefficient.

3

n.b. for aqueous solutions where 1 dm as 1 kg, ¢ and m are almost

identical.

The mean ionic activity coefficient is the geometric mean of the

two inseparable and indeterminate ionic activity coefficients.

Figure 2.

£, = AT =/

The mean ionic activity coefficient of KCl in
aqueous solution at 25°C.




1 General methods of measuring activities and activity.

coefficients (taken from Electrolyte Solutions by Robinson &

Stokes, Butterworths, London 1970).

1. Isopiestic method, where two solutions if different solutes in the

same solvent are allowed to reach the same vapour pressure. The

equilibrium nolalities are determined analytically and found to be

EB and m_, .

If B is a standard substance the activity of which is known as

a function of molality

' m
Iny,=sIlny_+1n 22 + B TE = 1] din [ v
C B mc mc BmB
[4)

2. Depression of the freezing point, The freezing point of the

solution is measured as a function of concentration.

For dilute aqueous sclutions, the cryoscopic constant can be

evaluated and it follows that

3

1n a, = 4,207 x 10 73 2

+ 2.1 x 10752,
where aslis the activity of the sulvent at the freezing point of the
solution and ¢ is the depression of the freezing point. For dilute

solutions In s, = -gN, where N is the mole fraction of the solute and

gi i3 a constant, the so-called csmotic constant. It can be shown that

n
lny-(g-l)bf (g = 1) din m,
]
and thus y can be found from g, a and 0,

(frame continued on next page)

1 3. Lowering of the vapour pressure. The solvent vapour

CONTp Pressure, P, is determined as a function of concentration.

2; = In a, where P is the vapour pressure of the pure solvent at

P
that temperature, and a is the activity of the solvent at the
same temperature.

n.b. You will be seldom asked to remember or to derive these

relationships. They are included here to show you that a and y can

be determined for any solution, !

11

platinized silver-silver
platinum chloride
electrode electrode

b

C porous

tarrier

o te

gaseous inter-

hydrogen v o dif.‘usion\/

Pigure 3. A simple galvanic cell for the study of activity
coefficients, in this case:

Pt,H, | HC1 (aq) |AgCl |Ag

(frame continued on next page)




11 Writing In £ = 2.3 Ioglo I ~2.3 A/C (and that is
Pe,H, [HC1 (aq) |AgCl|Ag .
CONTD justified later)

CONTD .
2RT
First half-cell reaction second half-cell reaction E + 2—?‘- lne = ET+ 5 2.3 A/¢ 19

+ . : - o,
4HZ(S’1 atm) ~ H (aq) + e AgCl(s0lid) + e + Ag(solid) + C1 (aq) The L.R.S. is therefore a linear function of v’E, the slope gives

L >
M the value of A and the intercept E%.
overall cell reaction = lﬂz(g,l atm) + AgCl(solid) + HCl(aq) + Ag(solid)

For slight discharge of cell, the electric work done by the system

= -EF, where F is the faraday constant,

The corresponding chemical work done by the system ) 1

“uer ttag T i“nz T Vagel
= K + RT 1In auc1®

K is a constant equal to the sum of all the constant quantities u“.
iuH » Baocl nnd\a’ .
) Ag HC1

Equating these two expressions for the work done by the system gives
-BF-K,}R’rlna“cl

-
or ’ E=E

RT
- ' 1In chl (18)

where E¥ is the standard e.m.f. of this particular cell

K . -
(= - F)’ i.e. the value of E when 8y * 1.

- is found from measurements of-E and a knowledge of E®. This is
found by & simple extrapolation procedure: thus, by rearranging (18)

and recalling that a = cif; = czf; Pigure 4. The extrapolation of equation (19) to find E",

& 2RT 2RT
E=E 5 ¢ —P-lllf1

(frame continued on next page)




12 The Debye-Hlickel theory of mean ionic activity coefficients

The derivation is based on two equations relating charge density,

i.e. ionic concentration, to the electric potential y(r) at a distance
r from any given ion. The first equation, embodying the Maxwell-

Boltzmann distribution law, relates the number density (dumber per

unit volume) of any ionic species (at a distance r from a given ion) to the

average, bulk value in terms of the electric potential at r due to the

given ion, i.e. -

"z, F W)
Per T Uie OXP T " (20

The subscript t indicates that we can write the eqﬁ;tion for
either poliitive or negative surrounding ions and for eithcrﬁ positive
(v = +ve) o:r negative (y = ~ve) cenr;nl ion. We need only note that

. for opposi:.g}ly charged ions the exponential term must be positive if
equation (20) is to express the mutual attraction of these species.

The other equation is taken from clusicn} electrostatics.

It is the l’:piuon equgti_gn which rglatel'the divergence of ﬂ;e

electric field at a point in the system to the charge density at that

point. For a spherically symmetric system, this is written as

PoTLTE

1 .4 24d -« 4mp(r)
2 dr (t‘ Ti% (r)) €

r

where € is the dielectric constant and p is the net charge density, also
a function of r, the distance from the central ion.

These are two equations with two unknowns, namely y(r) and
p(r). They can be solved and after a few pages of algebra (again see
Robinson and Stokes) the final equation is obtained, i.e.

(frame continued on next pag.)

- 20 l'
where A - = w3 RTN |\ 1000¢

For a multivalent electrolyte,

12 log,y £, = - Afc (22)
" CONTD ] ‘

log,, £, = MERIEMIG 4 (23)

vhere I = § cizi . (24)

' 3
and where the concentration c is expressed in mol/dm™
A quick calculation will show that for a (1:1) electrolyte I=¢
and you may care to prove to yourself that for other, multivalent

ion systems this is not so.

13 Some examples of the importance of activities and activity

coefficients in chemical systems.

[eL-0]

05C
Relative values
logarithm °*°
of the logari (1) 2{Co{NM;),8ci3° + Hgd® + 2H;0 —»
of the rate 0% 2{Co(NH;)3H,0} 3+ + HgBry
( (2) S107+ 21 — 1y + 2503
constant for - 3) [NOZNCOOC; Hyl~ + OH- —s
: 3 5 N3O + €03 +» i OH
six reactions @ 1 of cane sugar
3 010 {8) H30; + 2H® « 28 —. LH30 + By
in aqueous : (6) {CO(NHj;5CHIZ® + OH- —
solution ooc » a {Co(Nhy)sOH|2* + B
: - [ 4
-010— = \4 .
| ) o
-020f—- + o 2 5
o 3
-ow pu— .
I
-0

oy .
.C00 005 O O 02¢ 05 0%

(ionic ottoagt:h)l
Circles are experimental values; the lines are calculated from the
Debye-Hllckel theory. (frame continued on mt.pc;c)
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CONTD A
Relative values of the r]f _‘/_
<
logarithm of the activity €0 e fi : —
£ !
coefficients for sparingly 50 Jif i 4
If (3
soluble salts in aqueous
aof——f— 4 o

salt solution. ) | » i

W ——fm g e -1
1 l x/A }
20} -~ - o—t — -*‘r-— s
YR !
) o] B Y e S ———
[After Brénsted and LaMer, : i i
i
J. Am. Chem. Soc., 46 555 (1924)] R a BT

(ionic strength) |

' dE
14 z;e "L—x 61vnrivi (25)

potential
gradient

where z; is the valence and ; the radius of the ion, n the solvent

viscosity, and v the ionic velocity.

Vi e 2 -1 -1
FETAX " e " Y e VU osec (26)

mobility

Inserting the appropriate values for, say, the sodium ion in

water,[n = 0,01 poise, r, = 0.1 )

-7 2 -1 -1
“Na*(aq) =10 "m" V° gec

[In case your answer is out by a power of 10, you should remember
that the S.1. unit of viscosity is 10 times the poise].

(frame continued on next page)

1 I I = 10-3 z, u, c, F (11 amp cn-z. (27)
CONTD ii74 dax
current .

density t

wvhere e = number density of charges, i.e. ionic concentration, in

mol/dm3.
Eﬂlcﬁ - E 10.3 z; v, ci F =« ohm-l cn-l (28)
. i . . conductivity )
Typically, for a 0.1 M solution of KC1 in R0 at 25%,
x = 0,013 ohm * cm ! '

For a single (1:1) electrolyte, z =z =1, c,=c_=c. Then

100« t

(29)
c

- u+F#u_F = A olunm1 mzml-

molar conductivity
=(r, +2) ohm ! cm? mo1”}
For KCl in H0 at 25%¢,

A = A, +)_ = 149.85 chn * cn® mol

In its simplest form the Onsager equation can be written as

A =2° -k,

where for a (1:1) electrolyte

2,2 il
(0)°r F_||snein .

k= [wem * 3?»:'6] [ —eRT ] . (30)
Here N is the Avogadro number, € the dielectric constant and

n the viscosity, For aqueous solutions of KCl, k = 94.6,




oscillator

/

— A

s, -
ratio arms

standard
resistor

- (w)s

cell constant

~
[

detector

1 30
A
-_—r
ohm “cm
mol-l i}o

‘conductance

cell

0.1|

16 Transport numbers

~Je

Moving boundary method

movement
of
boundary

Cu
net loss of copper per
S faraday
= (1 ~ t‘)P
r— -t F ,
cathode
P T
1]
i
- —.— -
_ -~
HC1
<77 |, L lvacr
- . —

LiC1

—— - -

‘---

anode

vhere: v is the steady velocity of the
boundary in m/see, A is the cross—
sectional area of the tube mz', ¢ is the
concentration in ml/dn3 and I is the

current in amps.
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Limiting molar conductivities, x°, of ions in aqueous

solution at 25°C and 1 atm pressure.

Ion z° Ion o
' 349.8, o~ 198.6 .
Li 38.6, F 55.4
Nat 50.10 a1~ 76.35
' 73.50 Br_ 78.14
R’ 77.8, 1 76.8, '
Cs 7.2, No; 71.46
ag’ 61.9, c1o; 64,6
NH, 74.5, Brog 55.7,
NEE, 32.6,

NMeZ 4.9,

NBuZ 19.4,

Mg't 53.04

ca** 59.50

se*t 59,4

Ba"" 63.6,

c*t 56.6

" 52.8






