Polyfunctional Species Equilibria
Compounds with more than one acidic/basic entities
H,PO,,C,0;%,CO;" etc.
H,PO, =H,PO, +H" K
H,PO,' =HPO,” + H* K
HPO,;? =PO;’ +H" K

H,PO, =PO;* +3H" K, =K,K/K,
Kal > KaZ > Ka3

Amphiprotic Species:

Species with both acidic and basic properties.
Eg. HPO,2, H,PO, .

General Formula: H, A

|

HPO,2  H,PO,"

o

PO;’ +H,0 = HPO, + OH K,
HPO;” +H,0=H,PO;' +OH" K,
H,PO, +H,0=H,PO, +OH K,

PO;’ +3H,0 =H,PO, +30H"
K, =K, Ky,Ky;
Kbl > sz > Kb3

K, Ky =K,
K. Ky, =K,
Ka3Kbl = I<w

Diprotic/dibasic species



H,A +OH = H,0 +HA
HA +OH = H,0+A”

Vol NaOH

Composition of amphiprotic Na*HA" (mono-salt of HyA) :

Existing equilibria; (formal conc. Na*HA™ = F):

o HA =H A
" HA +H,0=0OH +H,A

_[HIHA
" A
_HIA7
[HA ]
K, =[H'JOH ]

K

2a

&

K
sz =

(major)

(major)

Composition of fully protonated acid HpA:

H,A = H +HA" first dissociation (major)
F initial concentration

(F-x) x  x equilibrium concentration

_ [HTI[HA™] _ x?

Ka1
[H,A] F-x

solve for x;

(If Kyy >> K,,, 27 dissociation, very small, minimal dissociation)

[H*], [HA]and [HZA] are calculable* (recall; x, F-x - previous chapter)

For; HA  =H* + A2 ;second dissociation, A (minor)
+ -2
K,, = [ ][pf] ] solve for [A ]
Fia =F =[H,A]+ [HAT+[A?] MB
[H]1+[Na*]= [HA’]+2[A’2]+[OH’] CB

[Na*=F
[H]+F = [HA ]+ 2[A 2]+ [OH ]

K, Ko F+K, K

la *w ——

K, +F

[H']= Kaoaf Ky, division; K,
1+F/K,,

For F/K,, >>1 and FK,, >>K,_, simplification

1=K K, | — pH=P ;pKaZ

H]=




Composition of Na,A (salt) (salt of HyA, F) :

A?+H,0=0H +HA"  major Ky

K _IOHIHA™]__[OH P
" A"l F.-[OH]
K, =[H][OH] ; calculate pH usingK,

note:[OH ]=[HA™"]

Further:  HA +H,0=0H +H,A K, = E—W (minor)

2 Vol NaOH
[H*][HA’1] amphiprotic
" [HA] HA H1=JKK,  pH=PKa Py
2
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Composition of fully protonated acid H;A (F):
H,A=H"+H,A" (major)

F initial concentration
(F-x)x  x equilibrium concentration

3
. ) ) Ky = IA7] solve for [A?]
_[H'IH,ATT_ x ve for x: [W]
m_[HeliA]—ﬁ solve 1or X;

HAZ=H"+A? (minor)

K

(If K4 >> K, further equilibria are negligible.)

[H*], [H,A] and [H;A ] are calculable*

Further: H,A"=H" +HA™? (lesser extent)

K, - FIHATT e for [HA 2]«
[HA']

Composition of amphiprotic H,A™ (salt) F :

|

*1 = K13K2aF+KWaKw N ] =
Existing equilibria: H 1-,/7&3+F H1={KKse | +——

H,A- =H' +HA

for F/K 1 and FK K
HA +HO=0H tHA K, = ta > 22> R

pH of H,A solution ~ -log,/K, K

_[HIHA™]
- HA]
_[OHT][H,A]
P HA]
K, =[H"][OH]
along with MB and CB equations give:

2a



pH of HA (salt) solutions:

Amphiprotic; K,, and Ks, describes the equilibria.

Monoprotic systems — (approximate) calculation of buffer pH:

HA/A- or BH*/B system
Considering the appropriate equilibria

[A] . [base]

[HA] [acid]

pH=pK, +log
pK

a,HA

HA refers to the weak acid, it can be BH*.

[—
pH=pK, -pK, +10g[i]+H M
1 ’ [BH'] [acid]
pK

a,BH"
Henderson-Hasselbach

Equation

pH of A (salt) solutions:

Treat as a simple hydrolysis of A-3.

A®+H,0=HA?+OH"

F initial concentration
(F-x) X  x equilibrium concentration
2 - 2
Ky, :7[HA ]FsoH ] =X solve for x;
[A~] F-x

Polyprotic Acid Buffers, Diprotic:

Glutamic acid
(20 mL, 0.05 mol/L, with 0.1 mol/L NaOH)
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Polyprotic Acid Buffers:

1. H,A/HA- : K,, based on diprotic WA
2. HAIA? K,

[HA™]

H = pK  + log——

p PR, g[HZA]

[47]

H=pK ,+ log——

p P&, g[HAf]

Fractional Composition - Monoprotic Acid Case:

_[H7NAT] _[H)(F -[HA)

© [HA] [HA]
__HE
[HA]= 14K, by rearrangement
o LHAL _[HA]_ [H]
HA [HA]+[A’] F [H7]+Ka
similar approach o, = % =

[H']

_[H')+K,-[4]_ K

(4] K,

F [H]+K,

a

or a,=1-a,, :]_[H*]-#K

[H']+K

[H]+K,

Polyprotic Buffers:

1. HAMA Ky,
2.HATHAZ? K,
3.HAZA® K,

PH = pK ,, + log

pH =pK_,+ log

pH =pK _,+ log

based on triprotic WA

[H,4]
[H,4]

[HA™

]

[H,47]

[47]

[HA?]

or
_[H' 4] _[H'][4]
 [HA] F-[47]
[A—]:%
[H']+K,
g o AT 4] K,
YU [HAl+[A]  F  [H']+K,

Also note the formal concentration F is;

F =[HA]+[A"]=[HA] +

K,[HA]

[H']

= [HA](] +

I<l
[H']

)



+

F=[HA]+[A"]=[HA]+ K[II[{HI]A] = [HA](1+ K, ]

o, - BT
HA [H+]2 +[H+]Kl 0
_ K]
A~ [H+]2 +[H+]K1 1

More HA  More A"

- m
" R
apa=0
ap=1
aHA=0.5¥.
A
o s m ey
P [ n. B, & @ m
e PR

More HA  More A"

Composition, pH etc:

All HA AlLAT
More HA More A1 \

pK,

pH
[HAJ=[A]




F=[HA]+[A"]= [HA]+% - [HA][] +ﬁJ

Fractional Composition - Diprotic acids. o
Starting with the two acid dissociation equilibrium relations B 4 P K, KK,
and mass balance for moiety (A), it can be shown that the F=[HAl+[HATT+[AT]= [HZA](1 * [H*] * [H?
total concentration of A moiety, say F, is;
K KK HP [H]
— -1 271 _ 1 132 o = = = =0,
F=[HA]+[HAT]+[A™] [H2A][1 + '] + [H*]zj HA T TH + HIK, +KK, 0 % ST R,
+ __ KMy
a, =— KiH'] _q, N ETAHEK T
The above relationship along with expressions for H,A, HA- A HT HK, +KK,
and A2, (please see text) leads to the fractional compositions KK
12
as; Qp2 T g =0,
HT +HK,+KK,

Fractiona’l Composition
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Composition, pH etc:

All HA All HA All A2
More H,A  More HA' | More HA""  More A2
[ pK,, +pK,
PKa1 2 PKy»
[H,AJ=[HAT [HAT=[A]
PP LA R
MOHT K,
K

a

= e %
[H']+K,

H+ 2
H2A G’HA = +72 [ + ] _U*O
: [H'T +[HK, +KK,
. - K,[H']

WOTH P H[H K, KK,

KIKZ

o ., =
A HTTH[HK, KK,

1

a,

pH

Composition, pH etc:

All H;A All H,A All HA2 All A3

L S e s

|
|
I
= H ]

In general for H A.

T
HA D 0
K1 [H+ ]n—1
HodA D =y

KKK HTT

oA D ;

Oy

KKK HTT

OLA D n
where D=[H ] +[HT 'K, + KK,[H "2 + ... +KK,..K,



J K [HA] _ K,
F=[HA]+[A"]=[HA]+——= = [HA]| 1+
[HA]+[A"]=[HA] T [ ][ [H‘]j

K, KK
H,A]+[HA']+[A?]=[H,A]| 1+ —+ =2
[HA]+ ][][z][ [H+][H+]2j

Microequilibrium constants

Species with two or more sites with similar dissociation
constants.

[ O'\P/OU\
/‘\\ \ N /
[ oH 0 o
\-ofﬁ

OCH,CHCOO"
\\O//

i i
HO—IT—OH O—F|>—OH
OH OH
pK,,= 2.12 pK,, = 7.21
O, _OH,
-
Ipo O \\O
“0—P—0—C—C—CO0O0-
Il H, H
o
HaHbAa'

pKys = 12.67
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Microscopic equilibrium constants

k _[H,AM[H]

a

b

ab

ba

——==29x10"
(H,H,A47]
k =m:1.5x10*7
[H,H,A47]
:m:7 5%107°
[HA']
:mzl 5%x1077
[HA4"]

pK = 6.537

pK = 6.824

pK = 7.123

pK = 6.824
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Macroscopic equilibrium constants
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