1/16

Electrostatics light: vacuum (¢ = &p) T
, 1 qOr
Force to charge q caused by charge Q: F = -
. Ameg ré r
F 1 QF
Field intensity: £ = — = -
q A4megrir
1

| Q d 9 9
El. potential: ¢ = —|tholdsv¢——¢ grad¢ = ( , —, )cp:—é"

ATE r 0X 0y 0Z
_ . Q
Electric flux through an r-sphere: £-ds=—
sphere €0
The number of field lines is conserved
(| does not depend on r nor surface dlrectlon
= for charge inside surface S it holds: — % £-ds

Field intensity close to a capacitor: £ =
E()A

t 1

Field intensity between plates: £ = -~
€0
(A = plate area, S=2A)




Electrostatics light: dielectrics

Dielectric = *“ + negative charge (—p)

In a field in capacitor Qg||—Q charges displaced by d
The screening charge left is —Qs, right +Qs, Qs = d Ap
Effective charge reduced by 1/¢r (= definition of &¢):

Q— Qs =0Q/¢r (screening charge = —Qs, Qs > 0)

The field intensity (o force) is reduced in the same ratio:
Q Q
E= = (def. € = grgp)
Aergg  Ag

Volume density of the dipole moment (= polarisation) in V is
(Vpd)/V = pd = P. Total:

Q Q Q
Qs=dAp=AP=Q——, i.e.Q=—+QS=—+AP
Er Er Er
divide by A, = define el. displacement: D = — = s +P=¢ggE+P
r

_ Q AD Ae& A€
Capacitance: C=— = = —

¢ ¢  distance of plates

A
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n

+@  ~—owo— —(Q)
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Poisson equation col06

“Number of displacement lines” (flux) is conserved:
Q= f =eé

dydz[ Dx(x + dx) — Dx(x)]
+ dxdz[Dy(y + dy)— Dy(y)] e
+ dXdyDz(Z + dZ) — Dz(Z)]

aDx aDy, aD 3% 9%¢p o2
x 9Dy Z)=_dv€( ¢ ¢ ¢)

= dxdydz + +
4 (ax dy 98z ax2 dy? 922

Let S = cube dx x dy x dz:
D,(z) D,(z + dx)
dz| 7 -

dQ=de=} D-dz
S

where p = dq/dV = charge density and the permittivity is constant.

32 3% 32 .
Laplace operator: —+—=+—5|= V2 =A here we will not use
oxX< dy< 0Z symbol A not to confuse
0 d2¢ with A¢p = ¢ right _ ) left
Poisson equation: Vch = —— orinlD —=——
€ dx? €
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Electric double layer col06

Different affinities of ions to an interface s or g / ionic solution = surface charge:

@ ionisation (dissociation/protonization) of groups
(-COOH — &, -NH> — @)

@ preferential disolution or adsorption of ions (AgCl in ® NaCl — o)

Paneth-Fajans[-Hahn] rule:
lons are adsorbed at a surface if they make an insoluble crystal with the co-ion

@ preferential adsorption of a surfactant (soap on water is negative)
@ isomorfic substitution (AI31/Si4* at clay)
@ crystal cleaving

Question: what happens in the solution?



Electric double layer: Not this way!

[show/doublelayer.sh] 5/16

Let’'s have ® NaCl between electrodes (plates). El. field intensity = £.

lons do not interact with the plates.
Concentration of Na*™ a CI~ between the plates?

Naive solution:

anion pot.
probabili

exp[—ed(x)/keT] = exp(eEx/kgT)

0.7

0.6

0.5

0.3

Cion/mol.dm™

0.2

0.1

col06

0.4

Example. 0.1 M ® NaCl, plate distance = 50 nm, voltage = 50 mV
leV = 96485)/mol

Neutral (zero potential) in the middle

— : correct

[ [ [ [
—— Na* correct Na* incorrect |
— Cl correct - Cl" incorrect |
0 10 20 30 40 50
x/nm

----- : the naive solution is in disagreement with the electroneutrality of the bulk



Diffuse layer: Gouy-Chapman

@ ion concentrations replaced by an averaged
charge density (no ion-ion correlation)

@ cl. potential in the bulk is ¢(0) =0 E- ® o s40 0,
: . o o @ ® _®
@ cl. potential at the electrode is ¢g S e e '. .-
(now we do not care about its origin) i: e ,*° 50’
e @ ®
@ ions = charged points, electrode = hard wall - o %, ..."' q
@
@ no interaction/adsorption of ions at the electrode $ o * %, e o, l.
" ® 949 o
@
9
L
9

@ solvent is a dielectric continuum (permittivity = £ = g&g)
@ simplification: 1:1 salt (NaCl) at concentration ¢

. _ d2¢ o)
Poisson equation: —— = ——
dx €
Charge density: p = ZZiPi = 0+ — Pp—, Where
P+ = CFexp [_d)(x)e} p— = CcFexp 'c,b(x)e]
" kgl B | kgl
i i i d?¢ _cF /ksT /kgT
Poisson-Boltzmann equation for the potential: 2 = ePe/kel _ g—¢e/ks ]
X g




Diffuse layer: Gouy-Chapman Z;,%%

The Poisson-Boltzmann equation:

2 F
:qub _ CE [e¢e/kBT_ e—(,b@/kBT]’ ¢(0) = ¢po, d(0) =0

@ Linearisation = approximate solution for weak potentials
(pe/kpl € 1, t). ¢ < 26 mV for 298 K):

d2¢ 2cF ¢e
exp(X)~1+x = = = poe /A
p(x) o2 & kel ¢ = do
ekl ERT ] . | ERT
A= = = Debye screening length mixture: A =
2cFe 2CF? 2IF?

Example. NaCl in water, c = 0.1 moldm~3, 25°C = A = 0.96 nm

(€ = ereg, €r = 78.4, g = 8.854x 1012 Fm~1)

For comparison:

@ averaged O-O separation in water = 0.28 nm = 120H>0 in a A-sphere

e water (energy of a pair of

Bjerrum length : Agp = ~ 0.7nm . .
@ &) J B 4mtekgT univalent ions = kgT)
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Diffuse layer: Gouy-Chapman col06
¢o =50 mV ¢o =100 mV
M
005 T T T T lE 01 T T T T
©
0.04 - 00 =0.05V . g 0.08 H: 00=0.1V :
------ linearized PB eq. ‘ =+ linearized PB eq.
q — q
— Poisson-Boltzmann eq. : — Poisson-Boltzmann eq.
0.03 - - = 0.06 - -
2 i 2
s 0.02 > s 0.04
b
>
0.01 - O 0.02 ]
fd
@)
Q
O | | | q) O t
0 1 2 3 4 5 — 0 4 5
x/nm — x/nm

The potential as a function of the distance from a charged surface
decays exponentially as a consequence of screening (by counterions)

Called diffuse layer, because can be explained by an equilibrium between diffusion
and attraction to a charged surface
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Electric double layer col06

Charged surface attracts counterions.

Gouy-Chapman

charged surface

diffusion layer gradually
screens the charge

Helmholtz
charged surface

neutral solution

adsorbed counterions
screen the total charge

Stern
charged surface

neutral solution

adsorbed counterions screen

a portion of the charge

the diffusion layer gradually

screens the rest

neutral solution
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Surface charge col06
(surface charge) = — (charge of the Gouy-Chapman layer)
0 0 x)e x)e
o=—J (p+—p_)dx=—J cF{exp[—(p( ) ]—exp[(p( ) ]}dx
0 0 kgl kT
Using the linearized theory, exp(x) =~ 1 + x, because ¢(x)e/kgl <K 1
o0 d(xX)e e 3
O ~ 2CcF dx = 2AcF¢po—— = —¢o (1)
0 kgl kgl A
Capacitance of the Gouy—-Chapman double layer (as a capacitor):
C o ¢
A ¢o A

Usually the differential capacitance is measured, do/d¢, because o & ¢

Example. A molecule of soap covers about a = 0.2nm?2. Counterions on average
A=1nmapartina 0.1 M solution.

a) What is the surface charge?
b) What is the capacitance (per m2)? (gr = 78.)

c) What is the potential of the surface?
(sso] Ajledd) AT'T— (O, 4.0 (9 —WD80— (e
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lons col06

Plasma, electrolyte solutions:
@ charge—charge interaction decays slowly (u « 1/r)
@ non-ideal behavior

@ thereis no B>

helium T=300K helium T=10000K



Debye-Huckel theory of electrolyte solutions iiﬁg

Simplifications:
@ solvent = homogeneous dielectric continuum

@ ions (several kinds of) = charged hard spheres of diameter o; other than electric
Interactions neglected)

@ distribution of ions described in terms of charged density (or probability of finding
an ion); ion—-ion correlations neglected

@ it holds ze¢ < kgT - for “most ions”
—for 1:1 ¢ < 0.1 moldm—3 needed
— for |z| > 1 even more dilute solutions needed

lonic strength:
1 2 - - 1 2
Ic = Ezzi Ci often using molality: I = EZZ" m;
( l

the sum is over all ions in the solution
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Debye-Huckel theory of electrolyte solutions col06
Results (screened Coulomb or Yukawa potential): screening
/
1l ze 1l ze
p(r)=—— — o= ——exp( r/A)
ame r ame r
Debye (screening) length (radius of the ionic atmosphere):
ERT
A= (~ 1 nm for 1:1, c = 0.1 moldm™—3)
2I-F?

Activity coefficients of ions:

i _
> c = > point charges
L — N > z —Az7 I
nYi= Az T “i (limiting law)
302
e3Niv2
= ot RAT)3/2 (= 1.176 dm3/2 mol—1/2 for water 25 °C)
(e

| 2F?
a=\—o (=1dm32mol~12 pro 0 =0.3nm)
ERT

@ Applicability to ~ I = 0.1 moldm™3 (univalent); bivalent etc. are problematic
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Strong electrolyte solution col06

Al2(S04)3 — 2AI3* +3505”
In general:

CVGBAVG — V@CZ$+ + VeAZe_

Electroneutrality (z¢ > 0, z¢ > 0):

VoZe — Volo
= Yo @ Yo Cannot be determined by classical electrochemistry approaches

Mean chemical potential (1 = solvent, 2 = salt)

Velde + Volle
Vg + Vo

M2 + =

Mean activity (v=vg + Vg)

az+ = \/a@"aae
lonic strength for a salt of molarity ¢ (use electroneutrality):

1
Ic = EZeZeB(Ve + Vg)C



Strong electrolyte solution

Mean activity coefficient

\(/ Vo
Y2+ — Yo YG
Debye-Huckel ﬁc

INnyo4+ = —ZoZgpA
® 1+ aﬁc

A=1.176dm32 mol—1/2,
a=1dm32mol—1/2

— experiment
— Debye—Huckel
— limiting

Debye—Huckel

In vy,

0.5}

0 1 2

(I/mol kg~1)12
Test for ® NaCl
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Activity coefficients of ions col06

Calculate:

@ mean activity coefficient of ions in ® CaCl, ¢ =0.01 moldm—3 I/°0

@ mean activity coefficient in ® CH3COOH, ¢ = 0.1 moldm—3, dissociation degree
=a=0.013 096°0

@ activity coefficient of protons in ® H>SO4, ¢ = 0.01 moldm™—3, ionized 100% to
the 1st degree, 60% to the 2nd degree 6280

Solubility of an insoluble salt (e.qg., BaS0Ogy):
@ drops in a ® containing one of the ions (e.g., Ba(NO3)3 or Na3S04)

@ increases in presence of other (noninteracting) ions, because the activity coeffi-
cient of Ba2t and SO42~ decrease

Example. The solubility product of barium sulfate is 1.0x 10—19, Calculate the sol-
ubility BaSOg4 a) in pure water, and b) in 0.01 M @ of NaCl.

e—Wpowr GT ‘c_wpowr QT

@ may change due to pH change in case of hydrolysis (calcium oxalate in oxalic
acid, calcium carbonate and carbon dioxide)



