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PREFACE

In the six years since the publication of the first edition, Biochemical Calcula-
tions has been used as a supplementary text at many colleges and universities
in the United States, and has been translated into Japanese and
Spanish. This new edition is the result of suggestions that I received from
instructors and students as well as my own desire to give a broader and more
balanced picture of quantitative biochemistry. My objectives remain the
same: to introduce students to the mathematical basis of biochemical dis-
coveries and to show that modern biochemistry is more than the memoriza-
tion of structures and pathways.

The present edition differs from the first in several ways. First, the
descriptive material (formerly in the appendixes) has been incorporated into
the body of the text so that the problems immediately follow the corresponding
theorvy. The main emphasis of the book is still on numerical problem solving,
and there is very little duplication of descriptive material found in standard
biochemistry textbooks. Second, a greater variety of problems has been
included. For example, the amount of material on aqueous solutions and
acid-base chemistry has been markedly reduced, but the coverage has been
expanded to include new subjects such as blood buffers. A new chapter,
“Chemistry of Biological Molecules,” has been added. The material on
biochemical energetics now includes entropy and enthalpy changes, activation
energy, and the energetics of membrane transport and photosynthesis.
These problems do not require previous exposure to physical chemistry.
Chapter 4, “Enzymes,” includes new material on equilibrium binding studies,
inhibitors, enzyme units and assays, the effects of pH and temperature, and the
kinetics of allostericenzymes, Kinetic mechanisms of bisubstrate enzymes are
introduced without complicated mathematics. Chapter 5, “Spec-
trophotometry and Other Optical Methods,” includes new problems on
protein determination, fluorometry, and optical rotation. New problems on
biological half-life, precursor-product relationships, dual-label scintillation
counting, and counting errors have been added to Chapter 6, “Isotopes in
Biocnemistry.” Although the scope of this edition has been broadened, the
subject matter and problems remain at a suitable level for a modern,
introductory, general biochemistry course.
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PREFACE TO THE FIRST
EDITION

Biochemistry is a quantitative science. Yet too often the subjectis taughtina
purely descriptive manner. Thisis understandable because many students in
biological sciences have had only one course in general chemistry and one in
introductory organic chemistry as prerequisites to general biochemistry.
Biochemical Calculations was written to introduce students to some of the
mathematical aspects of biochemistry that should be discussed in any introduc-
tory course. The problems discussed need no knowledge of mathematics
beyond that required for general chemistry. In the very few problems where
elementary calculus is employed, an alternate algebraic approximation is also
given. In order for this book to be as useful as possible to the student, almost
every problem is solved completely. There are no “rearranging terms and
solving for X "’ statements. This book is meant to be used in conjunction with
a standard textbook of general biochemistry. Nevertheless, a substantial
amount of descriptive background (including mathematical derivations) is
given in the appendixes.

A mimeographed edition of Biechemical Calculations was used by more than
800 students on the Davis campus during 1966-1967. Most of the students
were enrolled in our general biochemistry course. Many others were
graduate students studying for their M.S. and Ph.D. examinations. Itwas the
response of these students that prompted me to submit the book for
publication and general distribution.

I wish to express my appreciation to Dr. Wayne W. Luchsinger and Dr.
Ronald S. Watanabe for their advice and critical review of the original
manuscript.

I thank Dr. Eric E. Conn and Dr. Paul K. Stumpf for their suggestions and
encouragement during the writing of this book. I am especially grateful to
Miss Leigh Denise Albizati for all her help.

Irwin H. Segel

October 1968
Davis, California
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AQUEOUS SOLUTIONS AND
ACID- BASE CHEMISTRY

A. AQUEOUS SOLUTIONS

The majority of reactions studied by biochemists occur in solution. Conse-
quently, it is appropriate to begin our mathematical survey by reviewing the
various ways of expressing and interconverting concentrations of solutions.

CONCENTRATIONS BASED ON VOLUME

Concentrations based on the amount of dissolved solute per unit volume are
the most widely used in biochemistry laboratories. The most common
conventions are defined below.

Molarity (M) = the number of moles of solute per liter
of solution '

(1)

Molar concentrations are usually given in square brackets, for example,
[H*] = molarity of H* jon. To calculate M, we need to know the weight of
dissolved solute and its molecular weight, MW.

-—;—;—:‘V- = moles (2)

Dilute solutions are often expressed in terms of millimolarity, micromolarity,
and so on, where:

1 mmole = 107 moles

1 pmole = 107° moles

1 nmole = 1 mg mole = 107 moles

1 pmole =1 pumole = 107 moles

Therefore:
1 mM = 10" M = I'mmole/liter = 1 pmole/ml
1 uM=10"° M =1 pmole/liter = 1 nmole/ml
1 nM=10"° M = 1 nmole/liter = 1 pmole/ml
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A 1 M solution contains one Avogadro’s number of molecules per liter.

Avogadro’s number = number of molecules per g-mole
= number of atoms per g-atom
= number of ions per g-ion
= 6.023 x 10*

In general practice, one Avogadro’s number of particles (i.e., 1 g-mole or
1 g-atom or 1 g-ion) is frequently.called a “mole” regardless of whether the
substance is ionic, monoatomic, or molecular in nature. For example, 355 ¢
of CI” ions may be called a “mole” instead of a “gram-ion.”

Activily (a) = the effective or apparent molarity of a
-solute

3)

Activity and actual molarity are related by:

a = y[M] (4)

where y = activity coefficient (i.e., the fraction of the actual concentration that
15 active). Because of interactions between solute miolecules that prevent
their full expression, y is usually less than unity. For example, HCl in a
0.1 M solution is fully ionized, yet the solution behaves as if it contains only
0.086 M H*. Thus, y = 0.86.

Normality (N) = the number of equivalents of solute
per liter of solution

(5)

To calculate N, we need to know the weight of dissolved solute and its
equivalent weight, EW.

wit
Bl . ;
EW equivalents (6)

One equivalent (i.e., the EW) of an acid or base is the weight that contains
1 g-atom (1 mole) of replaceable hydrogen, or 1 g-ion (1 mole) of replaceable
hydroxyl. The EW of a compound involved in an oxidation-reduction
reaction is the weight that provides or accepts 1 faraday (1 mole) of elec-
trons. In general:

EW =~ )
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where n= the number of replaceable H" or OH™ per molecule {for acids and
bases)

or n = the number of electrons lost or gained per molecule (for oxidizing
and reducing agents).

The molarity and normality are related by:

N=aM (8)

For example, a 0.01 M solution of H,S0; is 0.02 N.

Weight | Volume Percent (% w/v) = the weightin g of a
solute per 100 ml of 9
solution

Weight/volume percent is often used for routine laboratory solutions where
exact concentrations are not too important.

Milligram Percent (mg %) = the weight in mg of a solute

per 100 ml of solution (10)

Milligram percent is often used in clinical laboratories. For example, a clinical
blood sugar value of 225 means 225 mg of glucose per 100 ml of blood serum.

Osmolarity = the molarity of particles in a solution (1)

A 1 M solution of a nondissociable solute is also 1 Osmolar. (The solution
contains 6.023 X 10® particles per liter.) A 1 M solution of a dissociable salt is
n Osmolar, where n is the number of ions produced per molecule. Thus, a
0.03 M solution of KCl is 0.06 Osmolar. Osmolarity is often considered in
physiological studies where tissues or cells must be bathed in a solution of the
same osmolarity as the cytoplasm in order to prevent the uptake or release of
water. Blood plasma is 0.308 Osmolar. Thus, red blood cells suspended in
a 0.308 Osmolar NaCl solution (0.154 M) would neither shrink nor
swell. The 0.154 M NaClsolution is said to be isofonic with respect to the red
blood ceils.

+ Problem 1-1

(a) How many grams of solid NaOH are required to prepare 500 ml of a
0.04 M solution? (b) Express the concentration of this solution in terms of N,
glliter, % wfv, mg %, and osmolarity.
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Solution
(@) liters X M = number of moles NaOH required
0.5 X 0.04 = 0.02 mole NaOH required

- Wlg — Wi
number of moles MW 0.02 20

wt=08g

Weigh out 0.8 g, dissolve in water, and dilute to 500 ml.

(b) NaOH contains one OH per molecule.

M = N and the solution is 0.04 N

The solution contains 0.8 g/500 ml, or 1.6 g/liter

% (w/v) = g per 10(@ 1.6 g/liter = 0.16 g/100 ml = 0.16% 7ﬂ/ n

mg % = mg per 100 ml 0.16 g/100 = 160 mg/100 ml = 160 mg %

NaOH yields two particles (Na® and OH")

osmolarity =2X M = 0.08 Osmolar

* Problem 1-2
How many milliliters of 5 M H,SO, are required to make 1500 ml of a 0.002 M
H,SO, solution?

Solution

The number of moles of H,SO; in the dilute solution equals the number of
moles of H,SO, taken from the concentrated solution. '

liters X M (dilute solution) = liters X M (concentrated solution)
1.5 X 0.002 = liters X5

150002 _ ;s concentrated solution required

5
103
3X510 —0.6x10"liters= | 0.6 ml ‘

Take 0.6 m! of the concentrated solution and dilute to 1.5 liters.
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Ionic Strength (g) =1/2% MZ?

where M; = the molarity of the ion (12)
Z;= the net charge of the ion (regardless of sign)
T = a symbol meaning ‘“‘the sum of”

Tonic strength measures the concentration of charges in solution. As the
ionic strength of a solution increases, the activity coefficient of an ion
decreases. The relationship between the ionic strength and the molarity of a
solution of ionizable salt depends on the number of ions produced and their
net charge, as summarized below.

Salt Ionic Strength
Type - Example
1:1 KCI, NaBr 3 M
2 i 1 CaCfg, NagHPO.g IxXM
2:2 MgSO, 4x M
3:1 FeCl,, Na,PO, 66X M
\ 2 :3 FCQ(SOq)s IQX M

“Type” refers.to the net charge on the ions. Thus MgSO,, which yields Mg®*
and SO%7, is called 2 2:2 salt. Na,HPO,, which yields HPO?™ and Na" ions, is
called a 2:1 salt.

Only the net charge on an ion is used in calculating ionic strength. Thus,
un-ionized compounds (e.g., un-ionized acetic acid) or species carrying an
equal number of positive and negative charges (e.g., a neutral amino acid) do
not contribute toward the ionic strength of a soludon.

?

* Problem 1-3
10 ~

Calculate the ionic strength of a 0.02 M sclution of Fex{(SO,)s.

Solution
r_,
E =%
The 0.02 M Fey(SO.)s yields 0.04 M Fe** and 0.06 M SO% .
T _ (0.04)(3)"+(0.06)(—2)" _ (0.04)(9) + (0.06)(4)
2

2 MiZi2 = %[M e Zi"e’f + Mso?‘zgo’.']

2 2
_ (0.36)+(0.24) _ 0.60
2 2
I
5 =030
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Or, from the precalculated relationship for 2:3 salts:

g= 15X M = (15)(0.02) = 0.30

CONCENTRATIONS BASED ON WEIGHT

Weight | Weight Percent (% w[w) = the weighting of a
solute per 100 g of (13)

solution

The concentrations of many commercial acids are given in terms of %
w/w. In order to calculate the volume of the stock solution required for a
given preparation, we must know its density or specific gravity where:

p = density = weight per unit volume
SG = specific gravity = density relative to water. Since the density of
water is 1 g/ml, specific gravity is numerically

equal to density.

-+ Problem 1-4
Describe the preparation of 2 liters of 0.4 M HCl starting with a concentrated

HCI solution {28% w/w HCI, SG=1.15).

Solution

2 %X 0.4 = 0.80 mole HC] needed

liters X M = number of moles

wt, = number of moles X MW wt; = 0.80 X 36.5

wt, = 20.2 g pure HCl needed

The stock solution is not pure HCi but only 28% HCI by weight.

o
w
N

l‘

104.3 g stock solution needed

e
no
0

Instead of weighing out 104.3 g of stock solution, we can calculate the

volume required.

volm = ;—ﬂg‘ = %Q%g = 99,7 ml stock solution needed
g/ml .
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Measure out 90.7 ml of stock solution and dilute to 2 liters with water.

All of the above relationships (between weight, density, and percent w/w)
can be combined into a single expression.

wi, = Vol X pyrea X % (as decimal)

where  wt, = weight of pure substance required in g
vol,y = volume of stock solution needed in ml
% = fraction of total weight that is pure substance

wt 29.2

vol = o = TTs x 635 = 907 !

As an alternate method, we can calculate the molarity of the stock
solution. Firstcalculate the weight of pure HClin 1 liter of stock solution.
wt=volXp X %
wt, = 1000 ml X 1.15 g/ml X 0.28 ¢
wt=322g
In other words, 1000 ml (1 liter) of stock solution contains 322 g of pure HCL

number of moles H_LMW 365 8.82

The concentrated stock solution is 8.82 M.
We need 0.80 mole.

. _ number of moles __0.80 _ .
liters = % = 8.»82 0.0907 liter

Take 0.0907 liter (90.7 ml) of stock and dilute to 2 liters.

Molality (m) = the number of moles of solute per (14
1000 g of solvent

Molality is used in certain physical chemical calculations (e.g., calculations of
boiling-point elevation and freezing-point depression). For dilute aqueous
solutions, m and M will be quite close. Tn order to interconvert m and M, we
need to know % w/w.

Mole Fraction = the fraction of the total number of moles
present represented by the compound in (15)
question

For example, in a solution containing n, moles of compound 1, ns moles of
compound 2, and ns moles of compound 3, the mole fraction of compound 2,
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MF,, is given by:
L3
MF, = ———=—
2 1+ ns + s

The mole fraction of a compound is important in certain physical chemical
calculations, but is not often used in biochemistry.

- Problem 1-5

Calculate (a) the molality of the concentrated stock HCI solution described
in Problem 1-4. (b) Calculate the mole fraction of HCI in the solution.

Solution

(a) The solution contains 28% w/w HCI, or 28 g HCI per 100 g total, or 28 g
HCI per (100 —28) =72 g water.

,fgg ;“g x 1000 = 388.9 g HCI/1000 g H;0
2
Wi~ moles %%&g — 10.65 moles HCI/1000 g H,O

the solution is 10.65 m

(b) In 100 g of solution, for example, we have:

_98gHCI _
36.5 g/mole 0.767 moles of HCI
and
72gH0 _ 4.0 moles of H,O
18 g/mole
= RHci _0.767
MFua = T =TT
MFucq = 0.161

CONCENTRATION BASED ON DEGREE OF SATURATION

Proteins are often purified by differential precipitation with- neutral
salts.  Ammonium sulfate is the most common salt used for this purpose,
although occasionally NaCl is used. The concentration of ammonium sul-
fate used to “salt out” proteins is almost always expressed in terms of
“percent saturation.”’

Percent Saturation = the concentration of salt in solution
as a percent of the maximum concentra- (16)
tion possible at the given temperature
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In order to take into account volume changes that occur when 2 large amount
of salt is added to an aqueous solution we need to know the specific volume of
the salt, where:

7 = specific volume = volume occupied by 1 g of salt (ml/g)
= the reciprocal of the density

- Problem 1-6

The specific volume of solid ammonium sulfate is 0.565 ml/g. The solubility
of ammonium sulfate at 0°C is 706 g/1000 g water*. Calculate (a) the concent-
ration of ammonium sulfate in a saturated solution athfoand (b) the amount
of solid ammonium sulfate that must be added at 0°C to 500 ml of a "*40%
saturated” solution to bring it to “60% saturation.”

Solution

(a) A saturated solution at 0°C prepared by adding 706 g of ammonium
sulfate (AS) to 1000 g of H,O occupies: ’

1000 ml+ {706)(9.565)Jm1 = 1399 ml
N YT

The concentration of AS in the solution is:

706

i?@_= 0.505 g/ml = 505 g/liter

The MW of AS is 132.14. Therefore the molarity of the solution is:

505
132.14 3'82M.

(b) We can derive a simple equation giving the amount of solid AS that
must be added to 1000 ml of solution at an initial degree of saturation, S, in
order to bring the solution to a different degree of saturation, S;. Knowing
that 0.505 g/ml = 100% saturation, or 1.00 saturation:

S, = {initial wt, of AS present) + (wt, AS added)
?" (hnal vol. of solution in m}){0.505 g/ml)

\\ ©_ (1600 mi)(0.505 g/mi)($)) + (wty)
" [1000 ml + 0.565 (wt,)]0.505 g/ml

s _505(S;— 1)
) Wl = 1-0.2855, an

* Different sources give slightly different values. For example, Appendix II gives 697 g/liter
at 0°C; Appendix III gives 706.8 g/liter.
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where wt, = wt of solid AS to be added to 1000 milliliters
S; = the final saturation {as a decimal)
S: = the initial saturation (as a decimal)
505 =g AS per 1000 m! for 100% saturation

_ 505(0.60—0.40) _ 101
1—0.285(0.60) 0.829

Wi

= 121.8 g/liter or 60.9 g/500 ml

- Problem 1-7

How many milliliters of a saturated ammonium sulfate solution must be
added to 40 ml of a 20% saturated solution to make the final solution 70%
saturated? Assume that the volumes are additive,

Solution
(40 m1)(0.20) + (X ml)(1.00) = (40 + X mi){(0.70)
8+ X=284+0.70X
0.3X=20

X =66.7mi

In general, the volume of saturated ammonium sulfate solution to be added
to 100 ml of solution at saturation S; (as a decimal) to produce a final
saturation, S, is given by:

100(S.— S,

a-5) s

vol, =

(Usually, the tables shown in Appendices II and III are used for enzyme
purification by fractional precipitation with ammonium sulfate.)

B. EQUILIBRIUM CONSTANTS

A great many reactions that occur in nature are reversible and do not proceed
to completion. Instead, they come to an apparent halt or equilibrium at some
point between 0 and 100% completion. At equilibrium, the net velocity is
zero because the absolute velocity in the forward direction exactly equals the
absolute velocity in the reverse direction. The position of equilibrium is
conveniently described by an equilibrium constant, K.,. For example, consider
the dissociation of a weak acid (which we will examine in more detail in the
following pages).
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ky

HA H ' +A”

-1 -~
The forward velocity, vy is proportional to the concentration of HA:
U & [HA] or vy = k]{HA}

where k, is a proportionality constant, known as a rate constant (specifically, a
first-order rate constant bécause v, is proportional to the concentration of a
single substance raised to power one). The reverse velocity, v, is propor-
tional to the concentration of H* and A7, and, therefore, to the products of
the concentration of A™ and H™:

« [H*] and v, « [A7]

« [H*)[A7] or v, =k ,[H'J[AT]
where k., is a second-order rate constant. Thus, doubling [H*] doubles
v,. Doubling [A”] doubles v.. Doubling both [H*] and [A~] increases v,
fourfold. At equilibrium:

v =v,

or
& _[HY[AT)

k[HA]= k. [HTJAT] - or 37 =""

The ratio of the two constants k,/k_, is itself a constant and is defined as K

[H*][AT]

Kw="THA]

(19)

In this particular case, K., is an acid dissociation constant and would be
indicated as X..

If the reaction in question is A+ B 2C,

then: ha

y=k[A[B] and = k,[C][C]= k. [C]

Ko =10

A][B]

The dimensions of K., depend on the number of components in the system.

Strictly speaking, it is not the concentrations of the reaction components
that are considered, but instead, their activities or effective or apparent
concentrations. For most of the calculations in the following chapters, we
will assume that y =1, that is, activity is equivalent to molar concentra-
tion. This assumption is reasonably valid for the dilute aqueous solutions of
monovalent and divalent ions employed in biochemical studies. Appendix V
lists some activity coefficients.
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* Problem 1-8

k
Consider the reaction E+ S =l ES. What are the units of (a) &, (b) k-1, and
-1

(¢) K ?
Solution

(a) v, = k[E)S]
Let vy= moles of ES formed per liter per minute
= moles X liter X min™' = M X min™'
and {E] and [S] = moles X liter™' = M

vy, _MXmin™'_ min”

“EmEETT My M
or k,=min' X M™
()  v,= k[ES]
v, _ MXmin -1
k., [ES] M k- = min
_ ki _min'xM™ . gt
@ Ka=pi="2p— | Ka=M
or
ch = &= M = Af_l

Additional problems on chemical equilibria are found in Chapter 3.

C. ACIDS"AND BASES

An understanding of acid-base chemistry is essential if we are to appreciate
the properties of biological molecules. A great many of the low-molecular-
weight metabolites and macromolecular components of living cells are acids
and bases, and thus, have the potential to ionize. The electrical charges on
these molecules are important factors in the rate of enzyme-catalyzed reac-
tions, the stability and conformation of proteins, the interactions of mac-
romolecules with each other and with small ions, and the analytical and
purification techniques used in the laboratory.

BRONSTED CONCEPT OF CONJUGATE ACID-CONJUGATE
BASE PAIRS

The most useful way of discussing acids and bases in general biochemistry is
to define an “acid” as a substance that donates protons (hydrogen ions) and a
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“base” as a substance that accepts protons. This concept is generally
referred to as the Bronsted concept of acids and bases. When a Bronsted
acid loses a proton, a Bronsted base is produced. The original acid and
resulting base are referred to as a conjugate acid-conjugate base pair. The
substance that accepts the proton is a different Bronsted base; by accepting
the proton, another Bronsted acid is produced. Thus, in every ionization of
an acid or base, two conjugate acid-conjugate base pairs are involved.

HA + B~ = A~ + HB

[conjugate acid}; {conjugate base], [conjugate base], fconjugate acid],

IONIZATION OF STRONG ACIDS AND BASES

A “strong” acid is a substance that ionizes almost 100% in aqueous solu-
tion. For example, HCI in solution is essentially 100% ionized to H;O" and
I

HCI + Hzo ——— H30+ + CI*
H;O" (the hydronium ion, or conjugate acid of water) is the actual form of the
hydrogen ion (proton) in solution. The ionization of HCI could just as easily
be represented as a simple dissociation:

HCl— H"+CI”

Thus, for all practical purposes, H;O" and H* mean the same thing. We will
use the two conventions for “hydrogen ion” interchangeably, depending on
which is the more convenient.

A “strong” base is a substance that ionizes extensively in solution to yield
OH™ ions. Sodium and potassium hydroxides are examples of strong
inorganic bases.

KOH — K"+ OH~

IONIZATION OF WATER

The ionization of water itself can be considered in two ways: (1) as a simple
dissociation to yield H* and OH™ ions and (2) in terms of Bronsted conjugate
acid-conjugate base pairs. In either case, it is obvious that water is
amphoteric—it yields both H* and OH" ions; it can both donate and accept
protons.

The ionization of water can be described by a “‘dissociation constant,” K,, an
“fonization constant,” K;, and a specific constant for water, K,, as shown
below.

Simple Dissociation Conjugate Acid-Conjugate Base
HOH<= H*+OH" HOH + HOH < H,O*+ OH"
K, = O] k, = [H:0JOH']
[HOH] ' [HOHT.

Note that water produces two conjugate acid-conjugate base pairs:
HOH/OH™ and H,;0*/HOH.

For every mole of H* (or Hs0%), 1 mole of OH™ is produced. In pure
water [H']=107"M. .. [OH]=10"M. The molarity of HOH can be
calculated as follows:
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_ number of moles H,O = Wi
Tirer number of moles MW

A liter of water weighs 1000g. The MW of HyO is 18.

- 1000/18 g _
M 1 liter 55.6

M

The M of H,O is actually 55.6 M (original concentration), minus 107" M
(the amount that ionized). However, this amount is so close to 55.6 that we
may neglect the 1077 M. We can now substitute the above values into the K,
and K; expressions.

_(107)(107) _ 107 _(oyaey 107

K 556 5556 K= sy 500X 10°

K; =18x107" K; =324x10™"

The molarity of H,O is essentially constant in the dilute solutions consi-
dered in most biochemical problems. Consequently, we can define a new
constant for the dissociation or ionization of water, K., which combines the
two constants (K, and {H,0] or K; and [H.OP).

K. = K. x[H,0] K.= K, X [H,OF
K. = (1.8 X 107)(55.6) K. =(3.24 X 107"*)(55.6)*
= (3.24 X 107')(3.09 x 10%)
K,=1x10""=[H"J[OH] K,=1x10""=[H,0"[OH"]
(20)

pH AND. pOH

pH is a shorthand way of designating the hydrogen ion activity of a
solution. By definition pH is the negative logarithm of the hydrogen ion
activity. Similarly, pOH is the negative logarithm of the hydroxyl ion
activity.

pH = ~log aw+ = log 1 pOH = —log aou- = log 1 -
(230 Aon
= —log v [H'] = —log you-[OH™])’
1 1
=log ———- =log —
8y [H'] 8 Yon[OH]

“In dilute solutions of acids and bases and in pure water, the activities of H*
and OH™ may be considered to be the same as their concentrations.

" 1 - 1
pH = ~log [H }=logm pOH = —log [OH ]=logf6-ﬁ:j

(21)
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In all aqueous solutions the equilibrium for the ionization of water must be
satisfied, that is, [H*][OH }= K, =10"". Thus, if [H*] is known, we can
easily calculate [OH™]. Furthermore, we can derive the following relation-
ship between pH and pOH:

[H'J[OH}=K.
Taking logarithms:
log [H*]+log [OHT] = log K.
—log [H*]—-log [OHT} = —log K.
—log [H*]=pH —log [OHT]=pOH —log K.. = pK.
pH+pOH =pkK,
K,=10" pK,=-logl0™"=+14

pH+pOH=14 (22)

Thus, if any one of the values [H'], [OH7], pH, or pOH is known, the other
three can be calculated easily. At concentrations of H* and OH™ greater
than 0.1 M, the activity coefficients must be taken into account.

« Problem 1-9

What are the (a) H* ion concentration, (b) pH, (c) OH™ ion concentration, and
(d) pOH of a 0.001 M solution of HCI?

Solution

(a) HCl is a “‘strong” inorganic acid; that is, it is essentially 100% ionized in
dilute solution. Consequently, when 0.001 mole of HCI is introduced into 1
liter of H,0, it immediately dissociates into 0.001 M H* and 0.001 M CI".

Note that when we are dealing with strong acids, the H* contribution from
the ionization of water is neglected.

(b) pH = —log [H'] or pH = 10gﬁ_%;j
) 1
=—log103 =]Og'i"0*_—3
= (=3)=+3 = log 10°
pH=3 pH=3
© [H'OH =K., [OH7] =
C w [H+]
C1x10™ - 13
(OH] = 20 [OH]=1x10
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(d) pOH = -log [OH™]
= —log (107"
= —(~11)
pOH =11
or:
pH +pOH = 14,
pOH =14—

- Problem 1-10

or

1
pOH = log [()T']'
1
= log g

= log 10"

pOH =11

pOH = 14-pH

3

pOH =11

What are the (a) [H*], (b) [OH ], {c) pH, and (d) pOH of a 0.002 M solution of

HNO;?

Solution

(a) HNO; is a strong inorganic acid.

[H]=0.002M =2x10" M

(b) (H']J[OH™]=

[OHT}=

1 X 10-—14

1 X 10—14
2x107°

=05x107"

[OH1=56x10"M

(0)

pH = IOg [H+]

= log =
2x10

=log 0.5 x 10°

=log 5 X 107

= log 5 + log 10?

=0.699 +2

pH =2.699

or

'

whe

the
‘(5‘1’

pH = log 500
log 500 = 2.699

pH = 2.699

re 2=the number of places be-

tween the first significant figure and

decimal point and 0.699 = log of

v
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1072 M [H*] =pH 2
10° M [H*]=pH 3
2x107° M [H*] = pH between 2and 3

(d) pH+pOH =14

pOH = 14.000 — 2.699

pOH = 11.301

. Problehl 1-11

or

pOH = log[o—il-_—]
= log —
5X10
=log 0.2 x 10"
=log2x 10"
=log2+log 10"
=(0.301+11

pOH = 11301

What is the concentration of HNQO; in a solution that has a pH of 3.4?
'

Solution

pH= log[?;r]= 34

where 3 = number of places
between first significant figure
and the decimal point. Look
up antilog of “4.”

anulog of 4 = “'2512”
e 1
(H ]_2512
1

T9512X 10°
=0.398x 10

[H']=3.98x 10~ M

or

[H*]=10"""
=107
=107 x10*¢

Look up antilog of 0.6

antilog of 0.6 = ‘398"
=3.98

[H=3.98%10"* M

HNO,;=3.98 X 10:‘ M assuming 100% ionization

Check:

pH 3=10" M [HNO;]
pH 4=10"* M [HNO]
pH 3.4 = [HNQO;] between 10" and 107> M
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* Problem 1-12

How many (a) H" ions and (b) OH™ ions are present in 250 ml of a solution of
pH 3?

Solution
(a) pH=3
[H*1=107 M (10"* g-ions/liter)
1 g-ion/liter = 6.023 x 10* ions/liter
107 g-ions/liter = 6.023 x 10” ions/liter
20
BB XI0°_ 1 1506 10 ions/250 ml
(b) pH+pOH =14

pOH=14-3=11
[OH1=10"" M or 107" g-ions/liter
107" g-ions/liter X 6.023 X 10 ions/g-ion = 6.023 x 10'* ions/liter

12
6—'9&4)90_ = { 1.506x10"ions/250 ml

+ Problem 1-13
What is the pH of a 107 M solution of HCI?
Solution

The first tendency of many students is to say “pH =8.” This is obviously
incorrect. No matter how much one dilutes a strong acid, the solution will
never become alkaline. In this dilute solution, the contribution of H™ ions
from H,O is actually greater than the amount contributed by HCL.  As a first
approximaiion, therefore, the H" ions from the HCI may be neglected. The
pH then is around 7.

As a second approximation, we can solve for pH while taking into account the
H" ions from both sources.

pH = —log [H"]
[H*]= 1077 (from H;0) + 107® (from HCI)
pH=—-log (1 X107+0.1 X107
_ 1 7
=log {1%107 log 0.909x 10
= log 9.09 X 10° = log 9.09 + log 10°

=0.959+6 pH = 6.959

The above solution is still not completely correct. It assumes that the
contribution of H* ions from water is still 107 M in the presence of 107 M
HCL  Actually, the slight increase in H" ions from HCI tends to depress the
ionization of H,O, that is, shift the equilibrium of the HOH = H*+ OH"
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reaction back to the left. An exact solution to the problem can be obtained in
the following manner: Both HOH and HCI ionize to form H* ions.
HOH=H"+0H"
HCl— H* +CI”
Let X=[H"]from H,O
[OH}]=X
[H*]1from HCI=10"°* M
[HY]=X+10"%[OH]=X
[H*J[OH]1=10""
(X +107%)(x)y=10""
X*+10°% x=10""
X410 X ~1074=0
The above equation can be solved by substituting into the general solution for
a quadratic equation:
—b= Vb ~4ac
2a

where a=1, b=10% and ¢=-10""

x== 107"+ V10— 4(~10"") _ ~10°x V10" +4x 107"
2

X:

2
_-107°+V4.01x107" _ —107°+2.0025 X 107
2 2
_~107°+20.025x 107"
B 2
_19.025x10°° —21.025 x 107°
= and ——
2 2
X=95126 X107 (neglecting the negative value) .
H]=X+10""

=95125x107%+ 10" =10.5125 x 10"

_ 1

pH = log 15 oe <10
=1log 0.09512x 10° = log 9.512 X 10°
=log 9.512+log 10° = 0.978 +6

pH = 6.978

+ Problem 1-14

What are the (a) ay+ and (b) yu+ in a 0.010 M solution of HNQ; if the pH is
2.08? :

Solution

In this problem we can no longer assume that ay+ = [H*]. It is obvious that if
ay =[H*Jand pH = —log [H*], the pH would be 2.0 and not 2.08. .. y# L.
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(a) pH= log-—L or awr = 107°%
Ayt
2.08 = log — aye = 1072
ap*
antilog of 0,08 = “120” =107 x 10***
1 190 =107°x8.3
ap*
-1
4 =190 aw=8.3x107
ay+r = 0.0083
ay =8.3x107°
{b) au+ = yur[H") where y = the activity coefhicient

0.0083 = yu-(0.010)

Yut— 0.83

Although the actual concentration of HNO; is 0.01 M, the solution behaves
as if only 83% of the HNO; molecules are dissociated; the effective or apparent
concentration {ay+) is 0.0083 M. The HNO; is actually 100% ionized. In-
teractions of ion clouds, however, prevent full expression of the H* ions; that
is, the shielding effects of NO;™ ions surrounding the H* ions make it seern as
if some of the H” ions are not there.

NEUTRALIZATION AND TITRATION OF STRONG
-ACIDS AND BASES

* Problem 1-15

(a) How many milliliters of 0.025 M H,SO, are required to neutralize exactly
525 mlof 0.06 M KOH? (b) What is the pH of the “neutralized” solution?

Solution
(a) number of moles {equivalents) of H* required =
number of moles (equivalents) of OH™ present
liters X N = number of equivalents
litersaca X Naga = Hiterspace X Npase
H.80.=0.025 M =0.06 N
litersa;a X 0.05 = 0.525 X 0.06

liters,u = %}}g =0.63

acid required = 630 ml
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(b) The neutralized solution contains only K,SO, that, being a salt of a
strong acid and strong base, has no effect on pH.

pH=7

* Problem 1-16

How many milliliters of 0.05 N HCl are required to neutralize exactly 8.0 g of
NaOH?

Solution

At the equivalence point, the number of moles H* added equals the number
of moles OH™ present.

liters.cia X N.ga = number of moles (equivalents) of H* added

. -h./;v_évrgtgﬁo = pumber Of mOleS Of NaOH (and OH_) presen[
aOH
liters X N= ﬁ% liters X 0.05 = %{-)Q
liters = _80 _80
40x0.06 2

= 4.0 liters = 4000 ml

+ Problem 1-17

Calculate the appropriate values and draw the curve for the titration of 500 ml
of 0.01 N HC] with 0.01 N KOH. ’
o

Solution

A titration curve is a plot of pH versus milliliters (or equivalents or moles) of
standard titrant added. For the titration of a given amount of acid, the curve
is a plot of pH versus milliliters (or equivalents) of base added. The pH atany
position up to the equivalence point is calculated from the concentration of
excess (untitrated) H® remaining (taking the increased volume into
account). At the equivalence point, the solution contains only KCI, a saltof a
strong acid and strong base that has no effect on the pH. Therefore,
pH = 7.0. The pH at positions beyond the equivalence point is calculated from
the concentration of excess OH™. Thetitration curveisshown in Figure 1-1.

IONIZATION OF WEAK ACIDS

. In an aqueous solution a weak acid ionizes to a limited extent as follows:
HA + HO = H, 0" + A~

[conjugate acid); fconjugate basel [conjugate acid)y [conjugate base};

The proton released from HA is accepted by water to form the hydron'{l{m
ion HsO*. The reversible ionization reaction can be described by an equilib-
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12+ ~

198 o

10+

;| BH at equivalence point__|

pH

1 Equivalence point

N ST N N N S A
0 100 200 300 400 500 600 700 800
Miliiliters of 0.01N KOH added
Figure -1 Titration of a strong acid (e.g.,
HCH with a strong base (e.g., KOH).

/rium constant, K;:
_ [H:0'J[A7]
fHAJH.O)

Because [H,0] is itself a constant, we can define a new constant, K,, that
combines K; and [H,O].

= K, = HOTNAT]
K,‘ [H20] == Kn - {HA]

Because [HsO"] is the same as the “hydrogen ion concentration,” [H*}, the K,
expression is usually written as shown below.

K;

x - TIA7]
" HA]

It is not surprising that the above K. expression is identical to the
expression that we would obtain if we assumed that the weak acid-dissociates
directly to yield H” and A™:

HA

H*+A"

IONIZATION OF WEAK BASES

In an aqueous solution, inorganic bases yield OH™ ions directly by dissocia-
tion.

KOH-K"+OH~
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Organic bases such as amines R-NH,, contain no OH to dis-
sociate. However, if we assume that.the .R-NH, reacts with H,Q to form
“R-NH;OH,” then we can consider the “dissociation” of organic bases to yield
OH" ions directly just as we do for inorganic bases. In fact, this is frequently
done when we consider aqueous ammonia, NH;; we assume that the dissoci-
able substance present is “NH,OH.”

“R-NH,OH” = R-NH3 + OH"
“NH,OH” = NH{ + OH~

We should bear in mind that “R-NH;OH" refers to the sum of R-NH; plus
any small amount of R-NH,OH that might exist.

It usually makes little difference whether we consider the ionizadon of an
acid as a simple dissociation or as the true ionization involving water as a
conjugate base. However, in dealing with organic bases, it is usually more
fruitful to consider the ionization as it actually occurs,

R-NH, + HOH = R-NH; + OH~

[conjugate base), [conjugate acid], [conjugate acidh [conjugare base},

The two conjugate acid-conjugate base pairs involved are R-NH;/R-NH;
and HOH/OH™. The ionization can be described by an ionization constant,
K.

« = [RNHSJ[OH]
' [R-NH,]{H;0]
Again, we can define a new constant, K,, that combines the two constants, K;

and {H,O].

_ [R-NH{J[OH)

Ki[H;0) = K, = =Sp s

The K, expression is exactly the same as that which we obtain if we assume
that R-NH; is actually R-NH3OH, which dissociates directly to yield R-NHs
and OH™.

RELATIONSHIP BETWEEN K, AND K, FOR WEAK ACIDS
AND BASES

When a weak acid, HA, is dissolved in water, it ionizes as shown previously to
form H;0" and the corresponding conjugate base, A~. A K, expression can
be written for the ionization.

- H,0*J[A7]
HA + H,0 = H;0" - [(H:OTJA]
o HO"+ A K, [HA]

If we start with the conjugate base, A7, and dissolve it in water, it ionizes as a
typical base; it accepts a proton from H,O to form OH™ and the correspond-
ing conjugate acid, HA. A K, expression can be written for this ionization.

AT+HOH=HA+OH" K, = HA[‘L[‘%H”]
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Solving the K, and K, expressions for [H;O'] and [OH]:

L [HA]Kn -1 = {A-]Kb
Substituting into [H;O"JJOH 1= K,,:
(HAJK. . [ATIK, _
(A Ay K
or Kn x Ka =K, (23)

Taking logarithms:
log K, +log K, = log K.
—log K, ~log K; = —log K..

Just as —log [H*] has been defined as pH, we can define —log K, as pK,,
—log K, as pK,, and ~log K., as pK.. (which equals 14).

pK. +pK, =14 (23a)

For polyprotic acids, the K, values are numbered in order of decreasing
acid strength (K., K., etc.). The K, values are numbered in order of
decreasing base strength. However, remember that the conjugate base of
the strongest acid group is the weakest basic group, and vice versa, The K,
and K, values are numbered accordingly as shown below.

H.A —=H*+ HA"

Ky
K,.! Ky,

H*+ A*

We must be sure to use the K, and K, (or pK, and pK,) of the same
ionization, For the diprotic acid illustrated above, the correct expressions are
as follows:

K., xK,=K, pK. +pKs,=pK.

Kn2 X Kb. = Kw pan + pKf’l = pK’-‘

pH OF SOLUTIONS OF WEAK ACIDS

The dissociation of a weak monoprotic acid, HA, yields H* and A~ in equal
concentrations. If K, and the initial concentration of HA are known, H” can
be calculated easily:

¢ A [HP
¢ [HA] [HA]




ACIDS AND BASES 25

[H'] = VK.[HA] (24)

Equation 24 assumes that the degree of ionization is small so that [HA]
remains essentially unchanged. To obtain an expression giving pH, we put
the above equation in logarithmic form:

log [H*]=ilog K.[HA] = 3(log K, +log [HA})
' —log K, — log [HA]

—log[H']= 5
or pH = Eg.g.iéﬁ.[.l.{.f:}. (25)

where p[HA] is the negative logarithm of the HA concentration. Similar
relationships can be derived for weak bases, A~ or RNH..

K, +p[A-
[OH]=VEK[A] | and pOH = Ew_.EM (26)

+ Problem 1-18

The weak acid, HA, is 0.1% ionized (dissociated) in a 0.2 M solution. (a)
What is the equilibrium constant for the dissociation of the acid (K.)? (b)
What is the pH of the solution? () How much “weaker” is the active acidity
of the HA solution compared to a 0.2 M solution of HCI? (d) How many
milliliters of 0.1 N KOH would be required to neutralize completely 500 ml of
the 0.2 M HA solution?

Solution
(a) HA T H* + A
Start: 02 M 0 O
Change: ~{0.1% 0f 0.2 M) =

-2%x107*' M +IX 10V M +2x107' M
Equilibrium: 02-2x10*M 9% 107 M 2x107* M

K = [H'}fAT] _@2x 10792 x 107
[HA] 0.2—-2x167

When the amount of HA that has dissociated is small compared to the
original concentration of HA, (e.g., 10% or less) the K, expression may be
simplified by ignoring the subtraction in the denominator.

K = (2xX107%2x 107" 4x10™

0.2 Tox107"

K,=2x%x107
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1 1

(b) pH=log mT- log %10~
=log 0.5 X 10* = log 5 X 10°
=log5+logl10°=0.7+3

pH =3.7

(c) A 0.2 M solution of HCI would be 100% ionized and yieid 0.2 M H".

1 1
pH =log Cul log 55157 = log 0.5x 10" = log 5

pH=0.7 {assuming y = 1)

The weak acid is 3 pH units less acid than a comparable HCI solu-
tion. Remember the pH scale is a logarithmic scale, not a linear scale. The
HA then is 10° or 1000 times less acid than the HCI (nof 3 times).

(d) Although the active acidity [H'] of the weak acid is 1000 times less than
that of the HCI solution, the iotal acidity (free H" plus the undissociated
hydrogen in HA) is the same. When OH" is added, it reacts with the free H*
to form H:O. Some HA then immediately dissociates to H* and A™ to
reestablish the equilibrium. This H* is also neutralized by further additions
of OH™ and so on until all the HA is neutralized. Neutralization calculations
for weak acids then may be conducted in the same manner as for strong acids.

number of moles of OH™ required = total number of moles H* available
Htersbase X Nbase = litersadd X Nadd

HA is monoprotic.

. N=M
literspee X 0.1 = 0.5 X 0.2
Htersyee = 0'5(;(10'2 = %—% = 1 liter of base required

* Problem 1-19

The K, fora weakacid, HA, is 1.6 X 10°. What are the (a) pH and (b) degree
of lonization of the acid in a 107° M solution? {(c) Calculate pK, and pK,.

Solution
(a) Let x = M of HA that dissociates. .". x =M of H” and also M of A~
produced.
HA = H* + A~
Start: 107° M 0 0
Change: -xM +xM +xM
Equilibrium: 107°—xM =M xM

_HAT L x) -
K= AT 16y = 16%10
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First calculate x assuming that x is very much smaller than the concentra-
tion of un-ionized acid, that is, assuming that the acid is less than 10%
ionized. The denominator of the K, expression may then be simplified.
x?

107
x*=16Xx107°=16x10"

x=V16X 10 =V16xV10°=4.0%x10"

1.6x10°%=

[H']=4x10° M

or using equation 24:
[H']= VK.,[HA]= V(1.6 X 107%)(107%)
=V16x107°=4%x10" M

1
H=log -——
= logz‘;(‘!ist = log 0.25 X 10° = log 2.5 X 10°
= log 2.5+ log 10* = 0.398 + 4

pH =4.398
.. HY
(b) degree of ionization = [HA],,,? X 100 3
_4x10” _4x107°
=5 X 100————«10,3 = 4%

The acid is indeed less than 10% ionized. Therefore, the simplification of
the denominator term in the expression for K, is reasonably valid.

(¢) The pK, is the negative logarithm of K,.

pK.=-log K, = logé

pK, =log 6.25 x 10°

1
CB16x10°
pK.=log 6.25 + log 10° =0.796 + 5

pK.=5.796

pK.+pK,=14 pK,=14-pK, =14—5.7796

PKb = 8,204
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« Problem 1-20

Calculate (a) the H* ion concentration in a 0.02 M solution of a moderately
strong acid, HA, where K, =3 X 1072 M, and (b) the degree of dissociation of
the acid.

Solution
(a) Let: . x= M of HA dissociated
= M of H* produced

HA == H* + A
Start: 0.02 M 0 0
Change: -xM +xM +x M
Equilibrium: 0.02—-xM M xM

_[H[AT] -2 _ _(x)(x)

E="ma ¥ "o

The relatively large K,(>107%) suggests that the acid is more than 10%
dissociated. Therefore, the denominator term in the K, expression should

not be simplified.
(3% 107%(0.02 —x) = x*?

6x107*—3x 107 = x*
x*+3%x107x —6X107' =0
Solve for x using the general solution for quadratic equations.
—b=Vbh*—4dac
2a

where a =1 b=3x107*° c=—6x10".

-

x =

o = 23X 1072 V(B X107 —4(—6 X 107
2

_T3X107EV(9X107) +24x 107"

2
_—3x107=V33x 107 _ —3x107+5.74x10"
2 2
_+2.74%107

(neglecting the negative answer)

2

H1=137x10" M

{b) degree of dissociation = [}[I}J_’I\]l;g X 100

_0.0187
0.0200

x 100 =68.5%

* Problem 1-21
What is the pH of a 3.5X10™ M solution of an amine with a pK, of 9.6?
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Solution
pKi=pK, —pK. p[RNH.] = —log [RNH,}
—~1dm ~log— b
= 14-96 g3 Ex 10
pK,=4.4 = log 28.57

P[RNH,] = 1.456

_ pK, + p[RNH,] _ 4.4+1.456
pOH 2 5
=280 903

pH =14-pOH = 14-2.93

pH = 11.07

* Problem 1-22

Calculate the ionic strength of a 0.1 M solution of butyric acid. K. =
1.5x 107

Solution

Butyric acid is only partially ionized. The undissociated molecules have no
effect on the ionic strength of the solution.  First calculate Myu+ and My,yae

.. [ {butyrate”]  (X)(X) _ X*

“" [butyricacid] = 0.1-X 0.1
X?=15%x10"°
X =V150x107%=12.25 x10™
[H']=1.225x10" M, [butyrate’]=1.225%107M

=1.5x107

r

E = % 2 -I‘I'IZi2 = él' {_MH"Z?-I* + Mhutyrat;'Zﬁmynle—‘]
(1295 X 107%)(1)* + (1.225 X 107%)(— 1)*
B 2

r !

7= 1.225 x107* .

EFFECT OF CONCENTRATION ON DEGREE OF DISSOCIATION

As a consequence of the law of mass action, the degree of dissociation of a
weak acid varies with concentration. A dissociating system of the type
HA = H"+ A~ has an unequal number of particles on the two sides of the
equilibrium. As the total concentration of all species increases, the equilib-
rium shifts to the left (i.e., to the side with the fewer particles). As the total
concentration of all species decreases, the equilibrium shifts to the right (i.e.,
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to the side with the greater number of particles). The equilibrium constant
remains constant. Only the relative proportions of the vafious species
change. :

A simple example will illustrate why the relative proportions must change
upon dilution if K is to remain constant. Consider the reaction A=B +
C. At equilibrium, the concentrations of A, B, and C are related by:

_ [BIC] _
Ko=S47 =10

Let the letters A, B, and C stand for some equilibrium concentrations, for

example, 1 M. Now dilute the solution tenfold. If the relative proportions
of A, B, and C remain constant:

New concentration of A=0.1[A]=0.1 M
New concentrationof B=0.1[B}=0.1 M
New concentrationof C=0.1{C]=0.1 M

(0.1)(0.1)

01 does not equal 1.0

But
Therefore, the relative concentrations must change to reestablish equilib-
rium. B and C increase while A decreases.

A mathematical relationship between concentration, K,, and the degree of
dissociation can be derived easily.

HA == H" + A~

Start: C 0 0
Change: ~nC +nC +nC
Equilibrium: C —aC nC nC

where  C= the original total concentration of HA
n= the fraction dissociated {as a decimal)

_ (nC)(nC) B e
K, = (C = nC) K.C—-KnC=n"C
K, — K.n=n%C K.(1—-n)=nC

C=-—"K, (27)

If nC is very small compared to C, the expression for K, simplifies to:
_(nC)nC) _n'C*_ ,

] K, C C n‘C
Solving for C or n:
K, K.
C= P and n=N\E (28)
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- Problem 1-23

At what concentration (in terms of K.)of a weak acid, HA, will the acid be (a)
10% dissol:iated, (b) 50% dissociated, and (¢} 90% dissociated?

Solution -
' l-n, _1-01_ 09 B
(2) C=—7 K="y K =go1 % C =90k,
1-05, _ 05 _
(b) C="g5 K =25 K- C =2K.
_1-09, _ 01 B
© C="go7 % =081 K C = 0.123K,

Thus, we see that the degree of dissociation increases as the initial concentra-
tion of HA decreases.

“HYDROLYSIS” OF SALTS OF WEAK ACIDS AND BASES

Salts of weak acids (the conjugate base anion of weak acids) react with water to
produce the weak parent acid {conjugate acid) and OH" ions.

AT+HOH=HA+OH"

We can see that the “hydrolysis’ is nothing more than the ionization of the
conjugate base as described earlier. The “hydrolysis constant,” K, is
identical to K.

_[HAJ[OHT]
~ [AT)JHOH]

Similarly, salts of weak bases (the conjugate acid of weak bases) react with
water to produce the weak parent base and H” ions.
R-NH; + HOH = R-NH, + H,0"
NH; + HOH = NH; + H;0"

K. [HOH]= K, = HAIOH]_ 5

Kes [A]

or
NH; + HOH = “NH,OH”+ H"

Again, we see that the “hydrolysis” is nothing more than the usual
ionization of the conjugate acid. In this instance, the K, that is defined is
identical to K, for the conjugate acid.

_ [R-NH][HsO]

[R-NH,][H,0"] [R-NH,}{H,0"] _
~ [R-NH3){HOH] -

[R-NHj;] K.

K. K. [HOH] =K, =

O Prpblem 1-24
(a) Calculate the pH of a 0.1 M solution of NH,Cl. The K, for NH,OH is
1.8x 107, (b) What is the degree of hydrolysis of the salt?
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Solution

(a) NH,Clis a salt of a weak base and a strong acid. Therefore a solution of
NH,CI will be acidic because of *‘hydrolysis” of the NH{ ion.

NHf+HOH =NHOH+H*
~14
K,= K, ”%“1%%-’5“ 5.56 X 107°
b
K= ——~——'—-[NH[“I?§]}{H 1556107
4
Let
y= M of NH,OH produced upon hydrolysis
y= M of H* produced upon hydrolysis
—l)—l— = 5.56% 107
0.1—-
Simplifying:
Y =556X107"  y=VEEEXVIN ™
+7 —& = ._...__1
[H*]1=7.46%10 H-10g7_46x10‘5
pH =513
. [H*] 7.46 % 107°
(b) degree of hydrolysis = INH?] X 100% = BT % 100
—~4
L1510 [ o

Because the NHJ is less than 10% hydrolyzed (ionized), our substitution of
0.1 M for 0.1 —y M is reasonably valid.

HENDERSON-HASSELBALCH EQUATION

A useful expression relating the (a) K, of a weak acid, HA, and the pH of a
solution of the weak acid or {b) K, of a weak base and the pOH of a solution of
the weak base can be derived.

~HAT]
(a) Ku - [HA]
Rearranging terms:
. [HA]
[H ]- Ka [A ]

Taking logarithms of both sides:

log [H*}=log K. + Iog%

Multiplying both sides by —1:



LABORATORY BUFFERS 33

—log [H'] = ~log K. — log {g"}]}
pH= pKz —log [&f‘]}
pH = pK, +log [[{;‘2} (29)
_[M*J[OH] _[RNHIJOH]
(®) K = [MOH] K [R-NH,]
_._ . [MOH] - _ . [R-NH,}
[OH7] = Koy (OB = K N
log[OH ]=1log K, log [OH™] = log K,
[(MOH] [R-NH,]
+log M +log [R-NH:]
~log [OH ] =—log K, —log[OH"]=—log K,
—log MOH] og LR-NHs]
%8 M 8 [R-NH;]
MOH R-NH,
pOH = pK, — 1ogﬁ pOH = pK, — logf[imﬁ-;%
_ _[M*] _ [R-NH3]
pOH = pK, + log MOH] pOH = pK, +log [R-NTL]
(30)

Note that when the concentrations of conjugate acid and conjugate base are
equal, pH = pK, and pOH = pK,. This same relationship can be seen from
the original K, or K, expressions; when (A7) =[HA], [H*]= K, and when
[R-NH,) = [R-NH;], [OH™] = K,.

According to the above equations, the pH of a solution containing HA and
A7 1s independent of concentration; the pH is established solely by the ratio of
conjugate base to conjugate acid. This is not quite true, as we will see. For
the moment, we will assume that the conjugate base/conjugate acid ratio is the
determining factor. The assumption is valid as long as [A7] and [HA] are
high compared to K., but not so high as to warrant corrections for activity
coefficients. Under the usual laboratory conditions, the. concentrations
might b’e 0.1 M orless with K, values of 1072 or less, so this condition is met.

D. LABORATORY BUFFERS
TITRATION OF A WEAK ACID
When a strong acid is titrated with a strong base the pH at any point is

determined solely by the concentration of untitrated acid or excess base
(Problem 1-17). The conjugate base that is formed (e.g., Cl7) has no effecton
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pH. Thesituation is quite different when a weak acid is titrated with a strong
base. A weak acid dissociates in an aqueous solution to yield a small amount
of H" ions.

1. HA=H"+A"

When OH™ ions are added, they are neutralized by the H* ions to form
H.0.

9, ’ OH™ +H* - H,0

The removal of H* ions disturbs the equilibrium between the weak acid and
its ions. Consequently, more HA ionizes to reestablish the equilib-
rium. The newly produced H” ions can then be neutralized by more OH™
and so on until all of the hydrogen originally present is neutralized. The
overall result, the sum of reactions 1 and 2, is the titration of HA with OH".

3. HA+OH =2 H,O+A~

The number of equivalents of OH™ required equals the total number of
equivalents of hydrogen present (as H* plus HA).

The pH at the exact end (equivalence) point of the titration is not 7 but
higher because of the hydrolysis of the A™ ion; that is, because reaction 3 itself
is an equilibrium reaction. In the absence of any remaining HA, the A™ ion
reacts with HyO to produce OH™ ions and the undissociated weak acid,
HA. Because equilibrium conditions must always be satisfied in solutions of
weak acids and bases, the H* ion concentration and pH during the titration
can be calculated from the K, expression or from the Henderson-Hasselbalch
equation, provided the concentration of conjugate acid and conjugate base
(or the ratio of their concentrations) is known. When calculating the values
for [HA] and [A7] during a titration, it is safe to assume that moles
HA o = moles HA,, — moles HAuuea, and moles A™=moles HA ia
throughout most of the titration ‘curve. Significant errors (resulting from
hydrolysis of the salt) arise only when an equivalence point is ap-
proached. The weaker the acid (in terms of K, as well as original concentra-
tion), the sooner (in terms of percent of the original acid titrated) anomalous
answers result from ignoring hydrolysis.

In other words, if A™ is 10% ionized (to HA + OH7), then the Henderson-
Hasselbalch equation cannot be used to estimate the pH of a solution of HA
that has been 99% titrated.

* Problem 1-25

Calculate the appropriate values and draw the curve for the titration of 500 ml
of 0.1 M weak acid, HA, with 0.1 M KOH. K, =107 (pK, =5.0).

Solution

The titration curve is shown in Figure 1-2. The values were calculated as
shown below.

(a) At the start, the pH depends solely on the concentration of HA and the
value of K.

oi = PKe +p[HA]_5+1_

9 5 3.0
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da
[HA] < A7}

[HA] > [A7]

2= Hali-titrated
[HA} = [AT] Equivalence point

0 I\ L I [
0 100 200 300 400 500
Milliliters of 0.1 KOH added

Figure 1-2 Titration of a weak monoprotic acid, HA, with a strong base (e.g.,
KOH). pK, =5.0; [HA] at the start=0.1 M.

(b} At any point during the titration the pH can be calculated from:

[A7]
[HA]

pH = pK, +log

For example, after adding 100 ml of 0.1 M KOH:

0.1 )iterx 0.1 M =0.01 moles of OH™ have been added
0.01 moles of HA have been converted to 0.01 moles of A~ v

moles HA remaining = moles HA originally present
—moles of HA titrated 10 A~

= (0.5 hter x 0.1 M)—-0.01

= (.05 — 0.01 = 0.04 moles

The volume has changed, but the ratio of moles A™/moles HA is the same as
the ratio of [AT}/[HA]

0.01

004" 50 +1log 0.25

pH =5.0+log

To avoid dealing with the log of a number smaller than unity, the Henderson-
Hasselbalch equation can be written as
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oK —log Al _ g 015, 0:04
pH=pK, —log [A] =5.0 logo‘01

[ =5.0-log4=5.0—-0.602

pH = 4.40

(c) "When 250 ml of 0.1 M KOH has been added, the original HA is half
titrated.

(A7)
(HA]

pH = pK. +log

[AT]=[HA] —{*[g—‘;—]]= 1 logl=0

pH =pkK, or pH =5.0

(d) Beyond the halfway point, the pH is still given by:

- A1
pH =pK, +log [HA]

For example, after adding 375 ml of 0.1 M KOH:

o 0.375 liter X 0.1 M = 0.0375 moles OH™ added
.. 0.0375 moles of HA have been converted to 0.0375 moles of A~
x HA remaining = 0.0500 — 0.0375 = 0.0125

0.0375 _
0.0195 ~ 50+log3

pH=5.0+log

= 5.0+ 0.477 pH = 5.48

Note that when the acid is less than half titrated, the pH is less than
pK.. When the acid is exactly half titrated, the pH equals pK.. When the
acid is more than half titrated, the pH is greater than pK..

() When exactly 500 ml of 0.1 M KOH have been added, we have theoreti-
cally dtrated all the HA to A~. However, the pH at the endpoint is not 7
because A, the salt or conjugate base of HA, ionizes:

AT+ HOH =—HA+OH"

Note that the ionization equation read backwards is the equation for the
titration of HA with OH™. Thus, the titration is an equilibrium reaction that
does not go to completion. The addition of 1 mole of OH™ to 1 mole of HA
does not produce exactly 1 mole of A~. The pH at the endpoint can be
calculated from K,. First note that the concentration of A” is 5X 107> M at
the endpoint (500 ml of 0.1 M KOH have been added to 500 ml of 0.1 M HA
yielding 1 liter of solution containing 0.05 moles of A™).

\

Frorm =t
e L
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_[HAJOH™] _ K, _ 107
' [AT K. 107
H = pK, +p[AT]_9+logaw

=10

K

pO 5 9
_9+1.30_10.30
=7 5

pOH = 5.15

pH=pK,—pOH pH=14-515

pH =8.85

If we started with A~ and titrated with HCI, the curve would be essentially
identical to that shown in Figure 1-2 with the horizontal axis reading (from
right to left) “mi of 0.1 M HCI added.”

WHAT IS A BUFFER? HOW DOES A BUFFER WORK?

A “buffer” is something that resists change. In common chemical usage, a
pH buffer is a substance, or mixture of substances,-that permits solutions to
resist large changes in pH upon the addition of small amounts of H* or OH"~
ions. To put it another way, a buffer helps maintain a near constant pH upon
the addition of small amounts of H* or OH™ ions to a solution.

Common buffer mixtures contain two substances, a conjugate acid and a
conjugate base. An “acidic” buffer contains a weak acid and a salt of the
weak acid (conjugate base). A ‘‘basic” buffer contains a weak base and a salt
of the weak base (conjugate acid). Together the two species (conjugate acid
plus conjugate base) resist large changes in pH by partially absorbing
additions of H* or OH™ ions to the system. If H" ions are added to the
buffered solution, they react partially with the conjugate base present to form
the conjugate acid. Thus, some H” ions are taken out of circulation. If
OH" ions are added to the buffered solution, they react partially with the
- conjugate acid present to form water and the conjugate base. Thus, some
OH™ ions are taken out of circulation. Buffered solutions do change in pH
upon the addition of H* or OH™ ions. However, the change is much less
than that which would occur if no buffer were present. The amount of
change depends on the strength of the buffer and the [A7}/[HA] ratio (see
Buffer Capacity). The solution obtained by titrating HA with KOH (Prob-
lem 1-25) is a buffer. If we examine the_ titration curve, we see that in the
region of pK, the pH changes only slightly 4s OH™ is added. Thus HA+ A"
provides good buffering action in the neighborhood of pH 5. However, this
particular weak acid plus its salt is a poor buffer at pH 7. If we wished to
prepare a solution that would buffer at pH 7, we would use a weak acid whose
pK. is around 7.
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+ Problem 1-26

(a) Describe the components of an ‘‘acetate’ buffer. (b) Show the reactions
by which an acetate buffer resists changes in pH upon the addition of OH™
and H" ions.

Solution

(a) An ‘“‘acetate” buffer contains un-ionized acetic acid (HOAc) as the
conjugate acid and acetate tons (OAc™) as the conjugate base. The OAc¢™
may be provided directly by NaOAc, KOAc, and the like, or by neutralizing a
portion of the HOAc with KOH or NaQOH.

(b} " In a solution containing a weak acid such as HOAc, a certain condition
must be met—namely, the product of [H*}{OAc7] divided by [HOAc] must be
constant:

[H'J[OACT]

K ="THOAd

A change in the concentration of any one of the three components of the K,
expression causes the concentrations of the other two to alter appropriately so
that [H*]J[OAc™] divided by [HOAC] is still the same constant value (K,).

For example, if OH™ ions are added to the system, they react with the H*
ions present to form H,0O.

OH +H"-H.0

The reduction in [H'} disturbs the ec‘luilibrium momentarily. Con-

~ sequently, more HOAc dissociates to reestablish the equilibrium condition.

HOAc=H"+OAc”

The net result (as well as the sum of the above two reactions) is as if the OH~
ions react directly with the conjugate acid of the acetate buffer to yield H,O
plus more conjugate base [OAc™]. -

OH™ +HOAc = H,O+OAc”

All of this, of course, happens almost instantaneously.

Similarly, if H" ions are added to the system, the equilibrium again
shifts. This time the conjugate base [OAc™] reacts with some of the excess H*
jons to form un-ionized HOAc.

H'+ OAc” = HOAc

It should be emphasized that the excess H* or OH™ ions are not completely
neutralized by the buffer; that is, the pH does not remain absolutely constant
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upon addition of H* or OH™ ions to a buffer. The reactions by which H* and
OH" ions are absorbed are themselves equilibrium reactions and do not go to
completion.

PREPARATION OF BUFFERS

» Problem 1-27

A What are the concentrations of HOAc and OAc™ ina 0.2 M “‘acetate” buffer,
' pH 5.00? The K, for acetic acid is 1.70 X 107 (pK. = 4.77).

Solution

A “0.2 M acetate” buffer contains a lotal of 0.2 mole of "acetate” per
liter. Some of the total acetate is in the conjugate acid form, HOAc, and
some is in the conjugate base form, OAc™. The proportions (hence, the
concentrations) of each form may be solved by using either the K, expression
or the Henderson-Hasselbalch equation.

- [H'J[OACT] _ . [OAcT)
Ke="foAq PH = pK. +log 15 ac]
Let ) Let
y=M of OAC” y= M of OAc”
0.2—-y=M of HOAc 02—-y=M of HOAc
_ _ y
pH =5 5.00 = 4.7+ log 53—
+ — 15 =
[H*]=10" | 0.23 = log ”“Lo.z =
- (107)(9) )
1.7% 10 09—7) 02—y antilog of 0.23
3.4%x107°—1.7x107%y.
= -5 = '
1 x 107y —~l--0.2~y 1.70
3.4%x107°=2.7x107%y 0.34—1.70y=1y
3.4%107 B
¥y= 27 X 10—5 0.34 = 2.7y
y=10.126
y=0.126" [OAcT]=0.126 M

[OAcT]=0.126 M

[HOAc}=0.200—0.126

[HOAc] = §074 M

[HOAc}=02—yM

[HOAc] = 0.2 0.126

[HOAc] =0.074 MJ
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) _ [OAC] . _ [0ACT]
L or pH =pK, +log [HOAc] 5=4.77+log [HOAG]
' 2 — [OACT] [OACT} .
: 0.23 =log [HOAc] . [HOAC] antilog of 0.23
[0AC] _ | 70 - L0
(HOAd 0=
: 1.70 _ - 1.00 _
. . ﬁ‘)f total = OAc and 570 of total = HOAc
1.70 _ -~
—-2—7x0.2 M=0.126 [OAcT)=0.126 M
1.00 _
570> 02 M=10.074 [HOAC]=0.074 M
| Check: The pH is higher than the pK.. .. The solution should contain

more conjugate base than conjugate acid. Conjugate base = 0.126 M. Conju-
gate acid = 0.074 M.

- Problem 1-28

o Describe the preparation of 3 liters of a 0.2 M acetate buffer, pH 5.00, starting
from solid sodium acetate trihydrate (MW 136) and a 1 M solution of acetic
acid. :

Solution

) First calculate the molarities of OAc™ and HOAc present. Any of the three
methods shown in Problem 1-27 may be used to obtain [OAc¢™} = 0.126 M and
[HOAc]=0.074 M. We need 3 liters of the 0.2 M buffer. -

3 liters X 0.2 M = 0.6 mole total (HOAc plus OAC™)

The total of 0.6 mole is obtained from two sources:

3 liters X 0.126 M = 0.378 mole OAc”
3 liters X 0.074 M = 0.222 mole HOAc

The 0.378 mole of OAc™ comes from solid NaOAc.

oWt _wty
number of moles = W 0.378 136
- wt,=5bl4g

The 0.222 mole of HOAc comes from a I M stock solution.

number of moles = liters X M 0.222 = liters X 1

liters = (0.222 or 222 ml
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Therefore, to prepare 3 liters of the buffer, dissolve 51.4 g of the sodium
acetate in some water, add 222 mi of the 1 M acetic acid, and then dilute to a
total final volume of 3.0 liters.

+ Problem 1-29

Describe the preparation of 5 liters of a 0.3 M acetate bufter, pH 4.47, starting
from a 2 M solution of acetic acid and a 2.5 M solution of KOH.’

Solution

As in the previous problem, first calculate the proportions of the two acetate
species present.

- [QACT] = 10ACT]
pH =pK, +log THOAC] 4.47= 4.77 +log [HOAC]
_ _ [OAcT] _ ., [HOACc]
) 0.30 =log [HOAG] or +0.30 = log TOAC]
[I;I)i?_%] =antilogof0.3=2= % ratio

% of the total acetate is present as HOAc and i of the total acetate is
present as OAc™. The final solution contains:

£%0.3 M=02 M HOAc (I mole in 5 liters)

1% 0.3 M=0.1 M OAc™ (0.5 mole in 5 liters)
In this buffer, all of the acetate must be provided by the HOAc. ' The
buffer is prepared by converting the proper proporiion of the HOAc to QAc™ by

adding KOH. We need 5 liters X 0.3 M = 1.5 moles total acetate. Calculate
how much stock 2 M HOAc is needed to obtain 1.5 moles.

liters X M = number of moles

liters X2=1.5 liters = —1—22 =0.75

750 ml of the 2 M HOAc is required.
Next, convert § of the 1.5 moles to OAc™ by adding the proper amount of

2.5 M KOH. .
3 X 1.5 moles = 0.5 mole KOH needed

liters X M = number ¢f moles
liters X 2.5 = 0.5 mole

.05 .
liters = 55~ 0.2 liter
Add 200 ml of 2.6 M KOH.
The solution now contains 1 mole of HOAc and 0.5 mole of OA¢™. Finally,
add sufficient water to bring the volume up to 5 liters. The final solution
contains 0.2 M HOAc and 0.1 M OAc".

pH CHANGES IN BUFFERS

In general, a buffer is used to maintain the pH relatively constant during the
course of a reaction that produces or utilizes H" jions. As we shall see in a



42 AQUEOUS SOLUTIONS AND ACID-BASE CHEMISTRY

following section, the ability of a buffer to maintain a near-constant pH
increases as the concentration of the buffer increases. However, it is not
always possible 1o use a relatively concentrated buffer. The enzyme, tissue,
or cells under investigation may be sensitive to high ionic strength, or the
assay may require that the pH be adjusted easily to some higher or lower
value at the end of the reaction. Thus, a compromise is necessary. The
concentration and pH of the buffer are chosen so that the pH will remain as
near constant as possible without introducing complications due to high ionic
strength. There are some circumstances where we want the pH to change
significantly (e.g., when the extent of a reaction is measured by the pH
change). In this case, we would use the lowest concentration of buffer
possible without allowing the pH to move out of a range optional for the
reaction under investigation.

- Problem 1-30

Show mathematically why an acetate buffer cannot maintain an absolutely
constant pH upon the addition of H*.

Solution

Suppose we have a buffer containing 0.01 M HA and 0.01 M A™. Assume
that the K, of the weak acid is also 10™°. Consequently, the H* ion
concentration must also be 10 M.

HUAT . (0900 o
mA] 7009

Now suppose 107 M H" is added to the buffer. If all of the H* reacts with
A~ 1o yield HA (thus maintaining [H*] at 107® M), the new concentration of
[HA] would be 1.1X107* M and the new concentration of [A”] would be
0.9x 107 M. Substituting these values into the K, expression, we can see that
the [H"J[A"] divided by [HA] is not constant and equal to 107°,

{107°)(0.9 X 107%) s
(1.1x 1079 #10

- Problem 1-31

Consider a 0.002 M acidic buffer containing 107 M HA and 10° M A~. The
pH = pK, =5 (K, =10"). Suppose that 5 X 107" moles of H* are added to ]
liter of the buffer (assume that the volume remains at 1 liter). (a) Calculate
the exact concentrations of A” and HA and the pH of the solution after
.addition of the HCl. (b) Calculate the concentrations of A~ and HA and the
pH of the solution assuming that the increase in the amount of HA (and the
decrease in the amount of A7) is equal to the amount of H* added.

Solution

The added H" is partially utilized by reacting with A” to form un-ionized' HA.

H*-+A"=HA
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(a) Let
y= M of H" utilized by the buffer
[AT]=10"—yM (HA1=10"+yM
[H]=10"+5X10"—y =51x 10~y

_[HAT]_ B1X10°=5)00% = 5) o
L=Tmar T @0y 10

Cross multiplying:
1078+ 107% = 51X 107~ 51 X 107y — 107% + y?

Rearranging and collecting terms:
32 =107 =51 X 107y — 107y +51 X 10— 107" =0

32 —100% 10y —51 X 107%y — 1 X 107y + 50X 107 =0
y?— 152X 107°y +50x 10° =0

_—bxVbh*—4ac
y= 2a

where a =1 =—152%x10™° ¢ =50x107%.

y= +152X 107° = V(—15.2x 107 —4(50 X 10
- 2

_152x107£V/231X 10"~ 200x 107

) 2

y= 15.2% 107 = V31 x 10" 15.20X 107 +56.57x 107"
a 2 B 2

20.77 x 107* 9.63x 107"
T and 5

y=10.39x10" and  4.816x107*' M

The higher value is obviously incorrect because only 5x 107" M H" was
added.

y=4815X107* M

Thus, of the 5X 10™* M H" originally added, 4.815 X 107* M was utilized by the
buffer. The final H* ion concentration was increased by 0.185X% 107" M.

[(H g = (1 X 107°) + (1.85 X 107%) [H Yo = 2.85 X 107° M

[A g = (10X 107" — (4.82 X 107%) [A Jpon =518 X 107" M

[HAJgm = (10X 107 + (4.82 x 107%) [HA)sou = 14.82x 107 M




44 AQUEOUS SOLUTIONS AND ACID-BASE CHEMISTRY -

S 1 1
PHe = log = log g g5 10

=log 0.351 X 10° = log 3.51 % 10°

pH = 4,545

In other words, the pH decreased by 0.455 unit.
(b) If we assume that virtually all the H” reacts with A™ to form HA, in order

to simplify the calculations:

[A Jea = (10X 1074 — (5 X 107 A loa=5.0X 107" M

[HAJpm = (10X 1079+ (6 X 107% [HAJoun = 15X 107 M

The estimated new [H*] is that which is in equilibrium with 15X 107" M HA
and 5X 107 M A~. The estimated value will be slightly high because, as
shown in part a, the [HAJ/[A™] ratio is actually a litdle less than 3:1.

_H'IAT] - (A7]
K, = [HA) pH = pK. +log (HA]
N 5X107*
Lety= M of H" present pH=5.00+ Iogz(ﬁ?m_%)
S _ ()(6X107 500 Jog 18 X1079
107 =25 %109 PH =5.00~log > 755
16 X107 = (5x107%)y pH=5.00—-log3
_15%x107° _ .
Y= Exi07 pH =5.00—-0.477
y=3%x107°

[H']1=3Xx10"°M pH =4523

The calculated H* ion concentration
increase is 2X 107 M (compared to
the true value of 1.85 X 107° M),

The calculated pH decrease is 0.477
unit (compared to the true value of
0.455).

We can see that the error introduced by assuming that the buffer reacts

completely with the added H" is small.

In the above problem, the buffer is

relatively weak and the amount of H” ion added is of the same order of
magnitude as the original A™ concentration. In practice, the concentration
of the buffer employed would be high compared to the expected change in H*
(or OH™) ion concentration. Consequently, buffer calculations may be
simplified greatly, as shown in part b above, without undue error.
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- Problem 1-32

An enzyme-catalyzed reaction was carried out in a 0.2 M *“Tris” buffer, pH
7.8. As a result of the reaction, 0.03 mole/liter of H* was produced. (a)
What was the ratio of Tris* (conjugate acid)/Tris® (conjugate base) at the start
of the reaction? (b) What are the concentrations of Tris* and Tris® at the start
of the reaction? (c) Show the reaction by which the buffer maintained a near
constant pH. (d) What were the concentrations of Tris’ and Tris" at the end of
the reaction? (e) What was the pH at the end of the reaction? The pK, of
Tris is 8.1. () What would the final pH be if no buffer were present?

Solution
Tris’ Tris’
(a) pH = pK, +log,1.. o 7.8=8.1+log 8 Tris
Tris’ Tris*
0.3=log 8 Tris or +0.3= logTr
Tris* Tris® _2
Tris® = = antilog 0f 0.3 =2 Tris® — 1
(b)
§xX02M=| 0.133 M Tris* and IX02M=| 0.067M Tris"
Check: The pH is less than the pK.; .. [conjugate acid]> [conjugate

base]; 0.133 M > 0.067 M.
(¢) The conjugate base reacts with the excess H*,

Tris®+H* - Tris*’

(d) As a result of the reaction, the amounts of Tris* and Tris® change as
shown below.

[Tris*] =0.133+0.030= | 0.163 M

[Tris} =0.067-0.030=] 0.037 M

Tris® 0.037
(e) pH = pXK, +I0gT =8.1+log 0 163
. 0.163 _
=81-lo 08 5037 8.1-log44

pH =8.1-0.644 pH =7.456
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(D If no buffer were present, the production of 0.03 M H* would bring the
pH to:

— log — = log <z =
pH=log il log 0.03 log 33.33

pH = 1.52

(The enzyme would very likely be denatured before the pH decreased to
1.52.)

BUFFER CAPACITY—THEORETICAL AND PRACTICAL

The ability of a buffer to resist changes in pH is referred to as the “buffer
capacity.” “Buffer capacity” can be defined in two ways: (1) the number of
moles per liter of H* or OH™ required to cause a given change in pH (e.g., 1 -
unit), or (2) the pH change that occurs upon addition of a given amount of H”
or OH~ (e.g., 1 mole/liter). The first definition is better because it can be
applied to buffers of any concentration. )

An expression for instantaneous buffer capacity, B, can be derived using
calculus. Essentially, 8 is the reciprocal of the slope of the titration curve at
any point. Starting with the Henderson-Hasselbalch equation:

pH = pK, +log [[1?;&] = pK, +log [A]~ log [HA]

= pK. +log [A7]-log ((C]~[AT])
In[AT] In([C]—[AT]

=pK 4793 23
where (= the total concentration of buffer components
=[A7]+[HA]
Differentiating with respect to [A7]:
dpH _ - 1 + 1 _ (C]
d[A7] 23[AT] 23([C]—[AT]) 23[AT)(C)-(AT])

d{A7] is the same as d[H"] or d[OH ] because for every mole of H* added a
mole of A” is utilized; for every mole of OH™ added a mole of A7 is
produced. Substituting and inverting:

d[H*] _d4{OH"] _23[AT([C]—-[A"]) _

. dpH dpH [C] #
_2.3[AT][HA]
or B=1a-1+ [HA] (31)

Further substitution from the expression for K, yields:
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S K [HYC ] .

where [H*] = the hydrogen ion concentration of the buffer.

We see that 8 increases as the concentration of the buffer increases. We
might have arrived at this conclusion intuitively. It seems logical that a
0.25 M bufler should resist 2 pH change better than a 0.01 M buffer. it can
also be shown {by calculus or by trial and error) that 8 will be maximum when
[AT}=[HA]or [H']= K,, that is, the slope of the titration curve is minimal at
pH = pK,. Also, when [H*] =K., = 23[H*][C]/([H" ])? = 2.3(H"]
[C1/4[H"*]2 or B = 0.575[C]. -

Since 8 is related to the slope of the titration curve at one point, its value is
the same whether H* or OH™ is added to the buffer. A more practical
definition of buffer capacity is:

Buffer capacity, = the number of moles of H" that must be
added to one liter of the buffer in order o
decrease the pH by 1 unit.

=the buffer capacity in the acid direction. (33)

and Buffer capacity, = the number of moles of OH™ that must be
added to one liter of the buffer in order to

increase the pH by | unit.
=the buffer capacity.in the alkaline direction.

Biochemical reactions seldom produce OH™ ions. However, many reactions
consume H" ions. The utilization of n moles/liter of H ions during areaction
hasthe same effect on a buffer as the additon of n moles/liter of OH™ 1ons.

- Problem 1-33

Calculate (a} the instantaneous and (b} the practical buffer capacity in both
directions of a 0.05 M Tricine buffer, pH 7.5. Tricine is N-tris-
(hydroxymethyl)-methylglycine. pK. =8.15. (K, =7.08x107")

Solution

The titration curve for Tricine (base) showing the position of the buffer is
sketched in Figure 1-3. The curve is shown for the titration of Tricine
conjugate base with H*. The curve for the titration of Tricine conjugate
acid with OH™ would be the mirror image of that shown. The pH of the
buffer is less than pK,. Therefore, [Tricine®} > [Tricine®], as shown below.

_ [Tricine’] ' [Tricine"]

H=pK, +logie—7-""5 OU = 8. T

P P o8 [Tricine®] 7.50=28.15+log [Tricine™]
_ Tricine*] [Tricine”]
7.50=8.15— [—~_ 65 = e
5-log [Tricine"] 0.65 = log [Tricine’]

[Tricine’} _ 4.47
[Tricine”] 1
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AT
[Tricine™} = 547 X0.05=0.041 M

[Tricine®] = — x 0.05 = 0.000 M

547
AtpH 75, [H]=3.16 X 10 M
(a) . or
5= 2.3 K,[H*J[C} g = 2.3[Tricine")[ Tricine*]
(K. +[HF [Tricine’] + [Tricine’)
~(2.3)(7.08 X 107°)(3.16 X 107(0.05) = 2.3[Tricine’][ Tricine™]
ST (.08 X 10°+8.16 X 10°°)° c
_ 2.57x 107" - (2.3)(0.041)(0.009)
(3.87 x 1075 0.05 '

_2.57x107Y _ 8.49x 10
T150%10°" 5x10°

B =0017TM B=0.017M

(b) We can see from the titration curve that the practical buffer capacity in
the alkaline direction is greater than the practical buffer capacity in the acid
direction. To caiculate BC,, we start by calculating the concentrations of
Tricine* and Tricine® at pH 6.5 (one pH unit less than the pH of the buffer).

_ [Tricine®] _ [Tricine’]
pH = pK., +log ——-‘—[Tricine"} 6.50 =8.15+log _H_[Tricine*]
_ [Tricine’] [Tricine™] _ 44.7
1.65 = log [{Tricine’] [Tricine’] 1
L 4. 447
atpH6.5: [Tricine™} = B X 0,05 =0.049 M

[Tricine’) = 25% X 0.05 = 0.001 M

Next, calculate the {H']} required to change the original concentrations of
conjugate acid and conjugate base to the final concentrations.

or

[Tricine*}gpa = [Tricine™ o + [H*]
0.049 = 0.041 + [H*]

[H']=0008M ..| BC.=0.008M

[Tricine®lgn = [Tricine®]os; — [H']
0.001 = 0.009~ [H*]

{H'}=10.008 M BC, =0.008 M J
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Buffer
capacity
in acid
|  Buffer capacity in alkaline direction _ |  direction_|
—>< >
850 —— ———=
1.4
8.15 e
7.50
pH
6.50

i 1
0 0.5 1.0
Moles H* added/mole Tricine base
Figure 1-3  Titration of a weak monoprotic base (e.g., Tricine) with a strong acid
(e.g., HCI). pK, of Tricine =8.15.

To calculate BC,, we proceed in the same manner to obtain the concentrations
of Tricine’ and Tricine® at pH 8.5.
c .
8.5 = 8.15 + log LLOCINE 1
[Tricine™]
[Tricine] [Tricine’] _ 2.24

0.35=log T itne’]  [Tricine’] 1
2 :
[Tricine®} = 394 x0.05 M =0.035 M

cine 1= L _
[Tricine ]~3‘24 X0.05 M =0.015 M

Now, calculate the amount of OH™ that must be added (or H* that must be
removed) to change the original concentrations to the final concentrations.
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[Tricine®}gnu = [Tricine’Jos; + [OHT)
0.035 = 0.009+ [OH7]

[OH™]=0.026 M BC, =0.026 M

or * [Tricine*Jgna = [Tricine™}o — [OH™]
0.015=0.041 —[OH"]

[OH™}=0.026 M BC, =0.026 M

Thus, the practical buffer capacity in the alkaline direction is more than three
times the practical buffer capacity in the acid direction. At pH 7.5, BC, >
B, but BC. <pB. If the pH of the buffer were 8.15 (i.e., pH = pK.):

BC. =BC,=0.020 M
and
B=0.029 M

That is, the slope of the line between pK. and pK. + 1 (or pK. and pK, — 1)
is greater than the slope of the line drawn tangent to the titration curve at
pH = pK..

Instead of proceeding stepwise as outlined above, we can derive a general
equation for practical buffer capacity. For example, for BC, where pH, is
the initial pH and pH, is the final (lower) pH:

pH, = pK. +log [%2]1 and  pH,= pK, +log [[;1\2}2:
pH;—pH,=1= (pKa +log [E‘f’;;}]’,) - (PK« +log {[;1\2]1)
or « 1=log [%Eil ~log [[15‘3;2
o i-ogAMEAR e,

Substituting [HAJ, = [HAL, +[H'] and [A7}e=[A™}: — [H*], multiplying out,
separating terms, and solving for [H"]:

SHALIA™h

[H']=BC. =m 34)
Similarly, we can derive the equation for BC,:
-~ _ SHANMA™:
[OH'1=BC: = 1504, 5 [HAL (35)

For Tricine, HA = Tricine*, A~ = Tricine’.
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* Problem 1-34

In the preceding problem, we saw that it takes 8 X 107 moles H/liter to
decrease the pH of a 0.05 M Tricine buffer, pH 7.5, by one unit. (a) Will the
addition of 4x 10> M H" decrease the pH by 0.5 unit? (b) What is the ApH
caused by adding 4x10™° M H*?

Fal
Solution

(2) A titration curve is not a straight line and the pH scale is logarithmic, not
linear., Hence, there is.no direct proportionality between H* added and
ApH. Thus, it does not take half as much H” to decrease the pH by 0.5 unit
as it took to decrease the pH by 1.0 unit. The exact amount of H* required
can easily be calculated as shown in the previous problem but substituting pH
7.0 for the final pH. We will find that at pH 7.0:

[Tricine™} = 0.047 M [Hf]addm = (0.006 M

Thus, more than half as much H" is required to reduce the pH by 0.5 unit as it
took to reduce the pH by 1.0 unit.

(b)
B 0.009 — 0.004
pH =8.15+log 5 65.170.004
3 0.005 ., e
=8.15+log 52 = 8.16—log 9= 8.15 - 0.95
pH =72 ApH = 0.3

Thus, half as much H* decreased the pH by less than 0.5 unit.

* Problem 1-35
Lactic dehydrogenase catalyzes the reversible reaction shown below.

)
CH,—(IZ—COO' +NADH +H" == CHs— C—COO + NAD"
O OH

pyruvate lactate

Suppose the enzyme that you are interested in has a relatively flat pH plateau
{optimum) between pH 7.9 and pH 8.3. Beyond these limits, the reaction
rate decreases markedly. The enzyme is also rapidly inactivated at high ionic
strength. You wish to assay the enzyme in the direction of lactate produc-
tion. The reaction will be allowed to proceed until 0.05 M lactate is pro-
duced. In order to minimize inactivation of the enzyme you must use the
lowest concentration of buffer possible that will still maintain the pH within
the limits of 7.9 to 8.4. You decide to use Tris as a buffer.

Describe in detail the characteristics of your buffer; that is, indicate the
starting pH of the assay mixture, the final pH, the concentrations of
conjugate acid and conjugate base at the beginning and end of the reaction,
and the total buffer concentration (conjugate acid plus conjugate base). The
pK. value of Tris is 8.1. I

o

GO0 < aTUPBANES]

MET 1, LIRFARY
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Solution

The reaction utilizes H" ions. Therefore, we would start at the lowest pH
permissible (7.9). The pH will rise as the reaction proceeds, but the final pH
cannot be greater than 8.4. The problem is to calculate the concentration of

Tris buffer, C, that will maintain the pH within these limits. Thus, C is
unknown. At the start:
- [Tris%) . [Tris%e
pH = pK, +log __—[Tris+]o 7.9=8.1+log [Tris )
L[%_ss‘)ﬁ: antilog 0.2
Tris" 1.585 . 4 1.585
%;’;T%: =322 o (Trisle= 352 [C1=0613(C)
and
[Tris’)o = ﬂl—ég [C]1=10.387[C]
At the end:
_ [Tris"); [Tris’),
= .t o e ¥4 4=, e A
pH =pkK. +log [Tris’), 8.4=8.1+log [Tris)y
- 0
%%—f = antilog 0.3

Tris®);, 2 »
[{T;l:*%j:f cor [Tris szg‘[c]=0.667{0]

‘ and  [Tris'], = % [C]=0333[C]
[Tris*); = [Tris o — 0.05
0.338[C] = 0.613[C]~ 0.05

0.05 = 0.28 [C] [C]=% ]

[C]=0.1786 M

Thus, at the start, the buffer contains:

[Tris’} = (0.613)(0.1786) = 0.1095 M

[Tris’] = (0.387)(0.1786) = 0.0691 M

At the end of the reaction, the buffer contains:
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[Tris*]=(0.333)(0.1786) = |  0.0595 M

[Tris’] = (0.667)(0.1786) = | 0.1191 M

POLYPROTIC ACIDS

A polyprotic acid ionizes in successive steps:

Ko

H.A H"+HA"
%, _[HHAT]
Ko ="l
H+
+
. - [H'][AM)
A Ke= [HAT]

Note that HA™ is the conjugate base of H.A, but the conjugate acid of
A*. For most common weak diprotic acids, K,, is at least one order of
magnitude greater than K.. Consequently, the pH of a solution of H.A is
established almost exclusively by the first ionization,

Titration and buffer calculations for weak diprotic and triprotic acids are
done exactly as shown earlier for weak monoprotic acids. The only new
consideration is which K, or pK. value to use: Very simply, we use the
appropriate constant that describes the equilibrium between the species we
are dealing with. For example, Figure 1-4 shows the titration of a weak
diprotic acid with OH™ (pK., =4, pK,,=7). The pH at any point along the
titration curve is given by:
[HA]
[H2A]
Thus, if we know the exact ratio of either conjugate base-conjugate acid pair,
we can calculate the pH.  Alternately, if we know the pH; we can calculate the
ratios of [HA)/[H.A] and [A*"]/{HA™], hence, the ratio of all three species.

[A™
and pH=pK,+log (HAT

pH = pK.,+log

AMPHOTERIC SALTS—INTERMEDIATE
IONS OF POLYPROTIC ACIDS

An intermediate ion of a polyprotic acid when dissolved in water undergoes
both ionization as an acid (reaction 1) and ionization as a base or hydrolysis
(reaction 2).

1. HA™+ H,O = A™ + H,0O* K., =K.,

=K

2. HA+H:O=H:A+OH™ Ky =Kn=Kp=%

If reaction 1 proceeds further to the right (that is, has a greater K.} than
reaction 2, the solution is acidic. If reaction 2 proceeds further to the right
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HoA HA~ AZ"
I f I I T | I | |

10

pH

4
pKg, +pC
pH=—22" "~
2 2 ]

o | [ | | I ] I | t |
o o0z 04 06 08 10 12 14 16 18 20

Moles OH™ per mole HyA—>
1.0 038 0.6 04 0.2 0 0.2 0.4 0.6 0.8 10
~——Moles H* per mole HA™ Moles OH™ per mole HA™ —>
2.0 1.8 1.6 14 1.2 1.0 08 0.6 0.4 0.2 0
' <—Moles H¥ per mole A%~

Figure 1-4 Titration of a weak diprotic acid, H.A, with a strong base {(e.g.,
KOH). pK, =4.0; pK,=17.0; [H:A] at the start=0.1 M.

than reaction 1, the solution is basic. However, the acidity or alkalinity is not
as great as we might expect judging from the relative values of K., and K.,
because of a further compensating reaction that takes place. If reaction 1
goes further to the right than reaction 2, then some of the excess HsO"
produced reacts with unreacted HA™ according to reaction 3.
3. HA™+H,0" == H,A + H,O Kegy= I;l

ay

If, however, reaction 2 proceeds further than reaction 1, some of the excess
OH" produced reacts with HA™ according to reaction 4.
1 1 K,

4. - T+OH =AY == =1 _Ba
HAT+OH 2AY +H.0  Ku KKK
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Thus, the two major reactions taking place in the solution are either 1 plus 3
or 2 plus 4. The sum of either pair of reactions is identical and is called a
“disproportionation” reaction 5. The equilibrium constant for a dispropor-
tionation reaction always is the ratio of the K, for the next acid dissociation to
the K. for the preceding acid dissociation (K./K.,), as shown below.

1. HA ™+ H:0 = A* + H,O" Keq = Ko,
3. HA™ + H.O" = H.A + H,0 Ko, = I;
Sum: 5. QHAu\_—‘AEﬁ'i'HEA -K-’eq_'.x Keql XKeq;= Kdis
K,
Kagis = K:
or:
_ - K,
2. HA™+H, 0= H:A+OH Keo, = X
- - 2= Ko,
4, HA+OH == A" +H.O Kgq.=K
Sum: b. QHA = A" +H.A Kooy = Kegy X Keq, = Kais
_K K,
Ka=g %%,
K
Ka = K:

We can arrive at the same disproportionation reaction by assuming that 1
molecule of HA™ releases a proton and another molecule accepts the proton.

HA = H "+ A" K= K.,
HA +H"= H.A K= I
K.,
- - 2- _ K,
Sum: 5. 2HA " =HA+A K= K = K

The disproportionation reaction tends to equalize the concentrations of the two ionic
forms on either side of the intermediate ion. When writing reaction 5, we assume
that the component reactions proceed to the same extent (we cancel H:O and
OH™ or H:O and H:O'J. Actually, reaction 1 or reaction 2 proceeds
slightly further than reaction 3 or 4; that is why the solution is acidic or
basic. However, the actual amounts of OH™ or HsO" produced (by reaction 1
or 2) and utilized (by reaction 3 or 4) are much greater than the difference
between the amounts produced and utilized. Consequently, we can safely use

_reaction 5 as a basis for calculating the concentrations of all ionic forms (HzA,
"HA™, and A*) in the solution. '

The H" ion concentration and subsequently the pH of the solution may

then be calculated from any K., expression containing the above components:
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_[H'}[HA] _[HAT]
Ko = [H.A] Ko, [(HA™)
g - [HAJOHT] K. . _[HATJOH] K.
" [HA™] K., " [AT] K.,

We can also derive equations from which the H” ion concentration and the
pH may be determined directly from the K, and K, values.

_[HAJAT] K,

Rae="THAT K,
[H.A]=[A"]
[HAT _ Ko, [H:A] _ VX,

[HAT K. [HA] VK.

Substituting the [H:A}/[HA] ratio into the K,, expression:

k. - HHAT (11 = KalHeA] K VK.,
" [H.A] [HAT] VK.,
Ko _ . -
Vi VK., S, [H=VK., VK.,
(H1= VK.K., (36)

- log [H'1=i(log K., + log K..)
> —log [H'}= —i(log K., + log K.,)
' —log K., — log K.,

y ~log [H'] = ;
» K., +pK.,
R pH =E=a s P (37)

Intermediate ions are the predominant species at intermediate equivalence
points. Therefore, we can predict that the pH at an intermediate equival-
ence point during the titration of a polyprotic acid (or amino acid) is the
average of the pK. values on either side of the equivalence point. For amino

. acids the pH is designated pl (isoelectric point) if the intermediate ion in

v question is the one that carries no net charge. At the pI the major ionic

f species present is AA°. However, because of the disproportionation reac-

_tion, small (and essentially equal) amounts of AA™ and AA™ are also

present. The pH is designated pH.. if the major ionic species present carries

the maximum number of charges, regardless of sign. By the same reasoning

v we can show that the pH of a solution of a salt of a weak acid and a weak base

‘ is the average of the two pK. values. For example, the pH of a solution of
NH.QAc is given by:

s PK. NH] + pK“Ho

: pH = -

Ac
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- Problem 1-36

Describe the preparation of 10 liters of 0.045 M potassium phosphate buffer,
pH 7.5.

Solution

The pH of this buffer is a little above the pK,, of HsPO, as shown in the
titration curve in Figure 1-5. Consequently, the two major ionic species
present are H,PO{ (conjugate acid) and HPOZ™ (conjugate base) with the
HPOY™ predominating.

The buffer can be prepared in any one of several ways: (1) by mixing
KH.PO; and K:HPO; in the proper proportions, (2) by starting with H,PQ,
and converting it to KH,PO, plus K.HPO, by adding the proper amount of
KOH, (3) by starting with KH,PO, and converting a portion of it to K;HPO,
by adding KOH, (4) by starting with K:HPO, and converting a portion of it to
KH,PO, by adding a strong acid such as HCI, (5) by starting with KsPO, and
converting it to KHs;PO, plus K:HPO, by adding HCl, and (6) by mixing
KsPO, and KH:POy in the proper proportions. Regardless of which method
is used, the first step involves calculating the proportion and amounts of the
two ionic species in the buffer.

The buffer contains a total of 10 liters X 0.045 M = 0.45 mole of phosphate.

_ [HPO: ]
PH=pKatlog 117 p07)
D —
75="7.2+ log% 0.3 = 1og%l—é%%‘—_—}-
2. 4 2 4
2~
%S—P?Oof:% = antilog of 0.3 =2 =% ratio
2 4

£%0.45 mole = 0.30 mole of HPO} is needed and 3X0.4b mole=
0.15 mole of H,POy is needed.

pKgypb—————~——————— e ———

pH

chz ____________

pKﬂl
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Figure 1-5 Titration curve of H,PO,.
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1. From KH:PO, and K;sHPO.—Weigh out 0.30 mole of X,HPO. (52.8 g) and
0.15 mole of KH,PO, (20.4 g) and dissolve in sufficient water to make 10 liters
final volume. Or, if stock solutions of the two phosphates are available,
measure out the appropriate volumes of each and dilute to 10liters. In
practice, we might prepare 0.045 M K.HPO; and 0.045 M KH:PO, and simply
mix the two until the pH (as measured with a pH meter) is 7.5. Since both
stock solutions are 0.045 M, the total phosphate concentration will remain
0.045 M regardless of what volumes of each are added.

2. From HsPO, and KOH-—Start with 0.45 mole of HsPQ, (position a in
Figure 1-5) and add sufficient KOH to titrate completely 1 hydrogen (to
position ¢) and § of the second hydrogen (to position e).

HaPO —~ 5 H,PO; — = HPO™"

For example, suppose we have available only stock concentrated (15 M)
HsPO, and a standard solution of 1.6 M KOH. We need 0.45 mole of HsPO..

liters X M = number of moles
liters X 15 = 0.45 mole

0.45
15

Take 30 ml of HsPOs. Add 0.45 mole of KOH to convert all the HsPO,
to H.POyJ,; then add another §?< 0.45 = 0.30 mole of KOH to convert 0.3 mole
of HsPO7 to HPO;™. In other words, a total of 0.75 mole of KOH is required.

Since we have available 1.6 M KOH, we can calculate how much of this
solution to add.

liters = = (.03 liter

liters X M = number of moles

iters = number of moles _ 0.75
.. Add 500 ml of KOH to the 30 m! of concentrated HsPO.; then add
sufficient water to bring the final volume to 10 liters.

3.  From KH.PO, and KOH-—We can start with KH,PO, (position ¢) and add
sufficient KOH to convert § of the H,PO; to HPO;™ (position e).

= 0.500

H.PO; —2 5 HPOY

For example, suppose we have available only solid KH,PO, and KOH. We
need 0.45 mole of KH:PO,.

. Wiy
o MW
wtg = (0.45)(136) = 61.2 g

» Dissolve the KH;PO, in somhe water; then add 0.30 mole of KOH (solid or
dissolved in some water).

wtg = (0.30)(56) = 16.8 g of KOH

Next, add sufficient water to bring the volume to 10 liters.
4. From K:HPO, and HCl—The HPO} (position f) may be converted to
H.PO? by adding HCL

= number of moles

HPOF — 5 H,PO;
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Because we want to end up with an HPO? /H.PO7 of }, we want to convert
only i of the HPO;™ to H:PO: (to reach position e). Suppose we have
available solid K.HPOQ, and a 2 M solution of HCl. Weigh out 0.45 moles of
KsHPO,.

wtg = number of moles X MW
t; = (0.45)(174) =783 g
Dissolve the KH,PQ, in some water; then add X 0.45 = 0.15 mole of HCL

liters X M = number of moles

number of moles _ 0.15
M 2

Add 75 miof 2 M HCl. Then add sufficient water to bring the volume
to 10 liters.
5. From KsPQO+ and HCl—Start with 0.45 mole of K;PO, (position h) and add
sufficient HCI to convert all the PO}” to HPO}  (position f). Then add
additional HCI to convert 3 of the HPO:™ to H,PO; (position e).

= 0.075 liter

liters =

35— H* - HY -
PO4 ——3 HPOq > H2P04
We need 0.45 mole of KsPO..

wt, = number of moles X MW
wig = (0.45)(212)=95.4 g

Dissolve the KsPOy in water.  Add 0.45 mole of HCI to convert all the POY
to HPOI. Then add another $X0.45=0.15mole of HCl to convert
0.15 mole of HPOX to H.PO;. The final solution then contains 0.15 mole of
H,PO; and 0.30 mole of HPO;~. Now add sufficient water to make 10 liters.
6. From KH,PO; and K,PO,—The KH.PO: and K;PO; react to form
K,HPO,;. The H.PO; acts as an acid and the PO} acts as a base.

H.PO; + PO} == 2HPOI”

The reaction is the reverse of the disproportionation reaction. Note that
each mole of HoPO; and PO; yields 2 moles of HPO;". Thus, to produce
0.30 mole of HPOT, 0.15 mole of H,PO:; and 0.15 mole of POi  are re-
quired. But,in addmon to the 0.30 mole of HPOZ™, the final solution contains
0.15 mole of H,PO;. Therefore, dissolve 0.30 mole of KH:PO, and 0.15 mole
of KsPO, in water. Of the original 0.30 mole of KH,PO;, 0.15 mole reacts
with the PO} to produce 0.30mole of HPO", leaving 0.15 mole as
H,PO;. Then add sufficient water to make 10liters.

» Problem 1-37

Calculate the concentration of all ionic species of succinate present-in a
solution (buffer) of 0.1 M succinate, pH 4.59.

Solution

We can see from the titration curve sketched in Figure 1-6 that the major ionic
species present at pH 4.59 are Hasuccinate and Hsuccinate™ with the latter
predominating. However, because pK., is close to pK., an appremable
amount of succinate’” is also present.
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pK,, = 557

. PKa, + PK32= 488
P 459

pKa, = 4.19

! |
g 05 1.0 1.5 2.0
) )
f _- e
Hysuccinate Hsuccinate © -succinate

Motes OH ™ /mote Hjsuccinate
Figure 1-6 Titration curve of succinic acid.

First calculate the ratio of Hsuccinate /Hesuccinate using the Henderson-
Hasselbalch equation.

_ [Hsuccinate ] _ [Hsuccinate™ ]
pH = pK., +log [Hasuccinate] 4.59=4.19 +log [Hasuccinate]

{Hsuccinate”] [Hsuccinate™] _ . _
[Hasuccinate] [Hssuccinate] antilog of 0.40=2.51

0.40 = log

The Hsuccinate™/Hssuccinate ratio is 2.51.

Next calculate the Hsuccinate /succinate®” ratio at pH 4.59.

[succinate®}

_ [succinate®’] -
pH =pK,, +log [Hsuccinate ] 4.59="5.57+log [Hsuccinate™)

. 9 . -
[succinate™ ] or +0.98 = log [Hsuccinate™]

- 0.98 =log [Hsuccinate | {succinate’"]

fonceinaiet] - antlog of 0.98:=9.5

The Hsuccinate /succinate®” ratio is 9.55:1.
The three ionic species are in the following proportions:

Hssuccinate Hsuccinate™ succinate®”
1 : 2.51
9.55 : 1

The two ratios must be expressed relative to a common component such as
Hsuccinate™. So, if 1 part succinate’ is present for every 9.55 parts of
"Hsuccinate™, calculate how much succinate™ is present for every 2.51 parts of

Hsuccinate™,

Ay _
! 955~ 2.51 9.55y = 2.51
251
=55 0.263

That is, the ratio of the three ionic species is:
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Hasuccinate Hsuccinate™ succinate®” total
1 : 2.51 B 0.263 3.773 parts

The lotal succinate concentration is 0.1 M.

1 B ' .
5—.—77—35 0.1 M= 0.02656 M H.succinate

2.51 _ ) _
3773 X0.1 M= 0.0665 M Hsuccinate
0.263

— 4 :-
5773 X01M= 0.00697 M succinate

* Problem 1-38 .

(a) What is the pH of a 0.1 M solution of monosodium succinate? (b), What
are the concentrations of un-ionized succinic acid, Hsuccinate™ and succi-
nate®” in the solution (pK., = 4.19 and pK., = 5.57)?

Solution

Monosodium succinate (Hsuccinate™) is an intermediate ion of a polyprotic
acid. The pH of a 0.1 M solution and the concentrations of all three ionic
forms of succinic acid may be calculated as shown.

_ pKa + pK, _ 4.19+5.57 - 9.76
(2) pH 9 g 9

pH = 4.88

(b) The concentrations of all species present can be calculated in two
ways. First, considering the disproportionation reaction:

9Hsuccinate” — Hysuccinate + succinate””

p . 2 —6
[Hasuccinate}{succinate” ] _ Ko, _ 2.69X107 416X 107

o [Hsuccinate | K. 646%x10°
Let ‘ ‘
3= M of Hsuccinate™ that disappears
%= M of Hssuccinate produced
and
%z M of succinate’” produced
(/2)(5/2) 102 \/ Y /7 =3 .
0=y = 41610 01 =57 = VA16x10

STy = 20X 10T Gt =004
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y=(.0408 — 0.408y 1.408y = 0.0408

00408 _ y_
y=""j0p =0:0200  3=0.0145

H.succinate = 0.0145 M
succinate™ = 0.0145 M
Hsuccinate™ = 0.100—0.029 = 0.071 M

Alternatively, the concentrations can be calculated using the Henderson-
Hasselbalch equation:

_ [Hsuccinate™] . [Hsuccinate ™}
pH =pK.,, +log [Hesuccinate] 4.88=4.19+log [Hassuccinate)

[Hsuccinate™) [Hsuccinate™ ] .
.69 = - : = 69 =4,
0 log [Hasuccinate) [Hesuccinate] antilog of 0.69 = 4.9
The ratio of Hsuccinate™/Hssuccinate is 4.9:1.
Next calculate the ratio of Hsuccinate /succinate® .

_ [succinate®) _ [succinate®”]
pH =pK., +log [Hsuccinate™} 4.88=5.57 +log [Hsuccinate™]

_ _ [succinate®] _ ... [Hsuccinate™]
0.69=log [Hsuccinate ™} or +0.69=log [succinate®”)

%g{%‘ﬁl] = antilog of 0.69 = 4.9

The ratio of Hsuccinate /succinate’ is also 4.9:1. The concentrations
of all three ionic species are in the ratio of 1:4.9:1.

Hasuccinate = Hsuccinate™ = succinate®
1 4.9 1

The total concentration of succinate is 0.1 M.

| -

X 0.1 M = Hssuccinate concentration

o
0 ©

X 0.1 M = Hsuccinate concentration

[o2]
vl

A

1 . - .
—x 0.1 M = succinate’” concentration

6.9

[H:succinate] = 0.0145 M
[Hsuccinate ] = 0.0710 M
[succinate’ } = 0.0145 M .
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DILUTIONS OF BUFFERS

« Problem 1-39

According to the Henderson-Hasselbalch equation, the pH of a buffer
depends only on the ratic of conjugate base activity to conjugate acid
activity. Explain then why the pH of a buffer changes when it is diluted.

Solution

The pH of a buffer changes with dilution for several reasons:

1. Changes in Activily Coefficients—The activity coeflicients of different ions
are not the same at any given concentration and do not change in an identical
manner with a given change in concentration. For example, we can see from
Appendix V that yupc- is 0.445 in a 0.1 M solution and 0.903 in a 0.001 M
solution. The activity coefficient of its conjugate acid (yu,ro7) is 0.744 in a
0.1 M solution and 0.928 in a 0.001 M solution, In general, dilution resultsin
an increase in vy; vy approaches unity at infinite dilution. The greater the
charge on the ion, the greater is the change in its activity coefficient for a given
change in concentration. Consider 2 0.2 M phosphate buffer” containing
. equal molar amounts of HPO: and H.PO:; (0.1 M of each ionic
species). The exact pH of the solution can be calculated taking into account
the activity coeflicients of the two ions. We can also calculate the pH of the
solution after it is diluted 100-fold, taking into account the change in activity
coefficients.

‘YHPOT[HPOT]

pH=pK,+log uroi’ pK., +log

QAH.PO; ’YH,PO}[HsPO;]
0.2 M Buffer 0.002 M Buffer
_ (0.445)(0.1) _ (0.903)(0.001)
pH =7.2+log (55a80.1) pH = 7.2+ log (5 "558)0.001)
=7.9+l0g 0.598 =7.2+log 0.973
=7.2-0.92 =7.9-0.01
pH = 6.98 pH ="17.19

In general, the log aa-/aua term of “acidic” buflers increases upon dilution,

resulting in an increase in pH. In “basic” buffers, the log arnu,/arnuz term
decreases upon dilution, resulting in a decrease in pH.
2. Changes in the Degree of Dissociation of HA—As shown earlier, the degree
of dissociation of a weak acid increases as the solution is diluted. In a
solution of a weak acid alone (no added conjugate base), the acid is 10%
dissociated when [HAl.i =100 K. and 50% dissociated when [HAJuu, =
2 K.. Thaus, the log A"/HA term increases as the solution is diluted. In a
buffer solution (weak acid plus added conjugate base), the A~ tends to
suppress the dissociation of HA. Consequently, in a buffer solution contain-
ing [HA]= 2 K., the HA is somewhat less than 50% dissociated.

For example, consider a 0.02 M succinate buffer, prepared by dissolving
0.01 mole of succinic acid and 0.01 mole of monosodium succinate in sufficient
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water to make 1liter final volume. The monosodium succinate ionizes
completely and the succinic acid ionizes partially., Let

y= M of succinic acid that dissociates
y= M of H" produced upon dissociation
and
y=M of HA” produced upon dissociation of the acid
[HA]=0.01+y [H:A]=001—y and [H"]=y

_[HETHAT_ ()(0.01+y) -5
K= RrAT = 001y —0-46%10

Because the concentrations of H,A and HA™ are more than 100 times the
K., value, y is small compared to 0.01 and may be neglected.

[H']= K, pH=pK.,=419

Now let us dilute the above buffer 100 times.
[HAT]1=10"+y (H:A]= 107"~y and [H']=y

Now the concentration of buffer components is of the same order of
magnitude as the K. value. Thus, H2A is more than 10% dissociated and y is
not small compared to 107*. Consequently, we must solve for y exactly.

K. = (’T)l(ol—_q.éi;)l) =6.46x10"*
6.46 X 107°—6.46 X 10™°y= 107"y + 4*
32+10X 107%y +6.46 X 10%y —6.46 X 10° = 0
¥+ 1646 X107 —6.46 X 107° =0
_—b Vb —dac
YT e T
where a=1 b=1646%10"° ¢ =6.46x10"".

—16.46 X 10~ = V/(16.46 X 10°) — 4(— 6.46 X 10

2
_—16.46X107° = VoTI X107+ 258 % 107 °
y 9
=2 16.46 X 107+ V529 x 107"°
3 :
_—16.46%10°£23.0%X107° 6.54Xx107°
y = =
P) 9
: y=3.27%10" )
[H']1=327x10°M S, pH=4.49

[H:A1=(10x 107 — (827X 107 =6.73 X 107° M
[HAT)= (10X 107 +(3.27X 10%) = 13.27X 10° M

Note that the [HAT)/[H,A] ratio that is essentially 1+n the 107 M buffer
changes to about 2 when the buffer is diluted 100-fold.
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3. Finally, as the buffer is diluted extensively, its contribution toward the H™
or OH’ ion concentration of the solution approaches that of water and the pH -
approaches 7.

+ Problem 1-40

Suppose that you prepare a buffer by dissolving 0.10 mole per liter of a weak
acid, HA, and 0.10 mole per liter of its sodium salt, A~. Assume that
pK. =3. (a) What is the pH of the buffer? (b) How much does the buffer
have to be diluted for the pH to increase by 1 unit? Neglect changes in
activity coefficients.

Solution
(a) Let y=M of HA that dissociates
[HA]=0.10—y [AT]=0.10+y and [H'l=3y

_HENATT 0)0.10+y) _ s
Ke="THAT ~ 10—y _1°

Because the concentrations of HA and A~ are much larger than K., y is
small and may be neglected in the HA and A™ terms.

_(O.10) _ -
Ke="010) = 1°

y=107=[H"]

pH=3

(b) If the pH increases by 1 unit upon dilution (to pH 4.0), then [H'}=
107 M =y. Calculate the new “original” concentrations of HA and A~ that
we must start with (or dilute the original buffer to) so that when the addition
and subtraction of y are made (when the HA dissociates) the ratioof A"/HA is
10:1.

Let C =new “‘original” M of HA and A™.

_[H}[AT] 107 = (107%(C + 107
[HA] (C—107%
W0 Cc—-107=10"c+107°
0.9x10° C=11x10"

-7
=(%§—ig_—s =1.99x 107

Kn

C

In other words, if we start by dissolving 1.22 X 107" moles per liter each of
HA and A7, 1x107* M HA dissociates producing 2.22X107°M A~ and
leaving 0.22 X 10 M HA. '

Check: :

107 = (107(2.22x 107

(0.22x 107%

We will obtain exactly the same result by diluting the 0.2 M buffer to the
above new concentrations.

=(107)(10)
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0.10 M HA 1.22x107* M HA

N dilidon. .. .
010 M A~ 1.22% 107 M A™

+ . results in
further dissociation
of HA

0.22x107° M HA
+
2.22x107° M A

The original buffer must be
diluted 820-fold.
HmX010M =1.22%x10"' M

GENERAL RULE

As a general rule for solving buffer problems, we can assume that the
concentrations of conjugate acid and conjugate base present in solution are
the same as the concentrations of each originally added to the solution (or
produced by partial titration of one or the other). This general rule does not
hold when the buffer is extremely dilute {(when the concentrations of buffer
components are in the region of the K, value). In such dilute buffers, the
changes (y) are large compared to the original concentrations.

CORRECTIONS FOR TOTAL IONIC STRENGTH

Ions (in addition to those of the buffer components) influence the ionic
strength and affect the activity coefficients of the buffer components. Thus,
even im a very dilute solution containing equimolar concentrations of, for
example, HPOS™ and H,POx, the pH will not equal pK. if a relatively high
concentration of NaCl is present. Instead of correcting the activity coeffi-
cients of the buffer components for the total ionic strength, it is simpler to
define a new, apparent or effective pK. that relates the pH (i.e., —log an*) to the
actual concentrations of buffer components at a given total ionic
strength. The apparent pK. is designated pK..

wA I A~
K= E’fﬂ[_i]“} and | pH=pK.+log [EH A]] (38)

The effect of total ionic strength on K. or pK. can be quantitatively predicted
from the Debye-Hiickel equation. Thus, at any total ionic strength, the
effective pK, is given by:

pK.=pK. +ApK. (39)
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The values for ApK, at three different total ionic strengths are given in
Appendix VI

* Problem 1-41

What is the pH of a 0.05 M KCi solution containing 0.01 M X,HPO, and
0.01 M KH.PO,?

Solution

The pH is not 7.2 even though [(HPO:{™] = [HPO;]. If we correct for the ac-
tivity coefficients of HPOZ™ and H,POj, we still will not obtain the correct
pH. We must correct for the total ionic strength, part of which results from
the KCl. First calculate the ionic strength. ‘The solution contains: 0.01 M
HPOI™+0.01 M H,PO; +0.05 M CI"+0.08 M K* (one K* for every H,PO;
and CI7; two K* for every HPOI).

I_ [HPO; }(2)" + [H:POIJ1)* + [CITJ(1) + [K } 1)

2 2

_ (0.01)(2)° + (0.01)(1) + (0.05)(1) + (0.08)(1)
2

_018_
=75 =009

From Appendix VI, we see that at ~ 0.10 ionic strength, ApK, for a conjugate
acid with a charge of —1 is —0.32.

pKi=pK.+ApK, pK;=72+(-0.32)
pK.=6.88
Since [HPOZ '} = [H,PO;], pH = pK_.

pH = 6.88

BUFFERS OF CONSTANT IONIC STRENGTH

In order to determine the effect of pH on a reaction, we must make certain
that all the buffers used are of the same ionic strength (or else establish that
changing ionic strength has no effect). Facts not often appreciated are (a) a
buffer of any given composition has a different ionic strength at different pH
values, and (b) two buffers of different composition may have different ionic
strengths at the same pH. The simplest way to deal with a series of buffers of
varying ionic strengths is to determine which buffer has the greatest ionic
strength and then make all the others up to that maximum by adding a
neutral, noninhibitory salt, such as KCL

» Problem 1-42

(a) Which buffer has the greater ionic strength: 2 0.06 M Tris buffer, pH
7.5, or a 0.05 M phosphate buffer, pH 7.5? (b) How can the ionic strengths be
equalized?
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Solution

(a) The Tris buffer contains Tris’, Tris™, and a counter ion, for example,
CI". (The buffer might have been made by titrating Tris® with HCL) Tris’
is uncharged and, thus, has no effect on ionic sirength. The concentrations
of H" and OH" are exceedingly low and, thus, can also be neglected. If we
kept track of the amount of HCl added to attain pH 7.5, we would
automatically know the concentration of Tris*. If not, we can calculate

[Tris'):
H = pK. +log L8] 758 4 10g LLTIS]
P P g [Tris"] ' S TIo8 [Tris™]
_ _ [Tris°} . x :j _
0.6 =log [Tris") [Tris™] 5 X0.05M =004 M

: , C. [CI'1=0.04M

A more accurate calculation would include vy~ (about 0.9 for monopositive’

ions in the region of 0.05 M), !
The phosphate buffer contains H,PO;, HPO:™ and, for example, K*. The
pH is in the region of pK.. Therefore, there is approximately 0.025 M of
. each phosphate species present. (If we prepared the buffer ourselves, we
; would know the exact amounts of HPO?™ and H.PO; present.) The activity
coefficients of HPO:™ and H,POs in the region of 0.025 M are 0.64 and 0.88,
respectively (estimated from a semi-Jog plot of the values given in App-
N endix V).

Yuro3 [HPOI ) 0.64[HPO: ]

= w T Ty a— b5=72+ N RoriT T Ta

PH=pKatlog = o b0 0= 12 108 ge i p07]
0.3 = log Z-B4HPOI] . 0.64[HPOI"}_2
. E0.88[H.PO;] ~° 0.88[H,PO;] 1

[HPOI] _ (2)(0.88) _2.75
[H.PO:] (1)(0.64) 1
2.75

‘ . 9~y 21 —
o . [HPOS ] 3‘75X0.05 0.037 M

=L -
[HoPO7] = 5=z % 0.05 = 0.018 M

The phosphate buffer contains: 0.037 M HPO:", 0.013 M H,PO7, and
(0.037)(2) +(0.013)(1) = 0.087 M K".
The ionic strengths of the two buffers are:

" Tris: g - [Tri5+](1)22+ [criay = 004; 0.04

ro| =
il
o
=
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T _ [HPOYI(2) + [H,POTI(1)° + [K'}(1)*
2 2
_(0.037)(4) + (0.013)(1) + (0.087)(1) _0.248
2 2

Phosphate:

ro|

=0.124

Thus, the 0.05 M phosphate buffer has about three times the ionic strength of
the 0.06 M Tris buffer at pH 7.5.

{(b) The Tris buffer can be made up to 0.124 ionic strength by adding
0.124~0.04 = 0.084 M KCl (The pH may change slightly when the ionic
strength is adjusted from 0.04 to 0.124.)

E. AMINO ACIDS AND PEPTIDES

The common amino acids are simply weak polyprotic acids. Calculations of
pH, buffer preparation, and capacity, and so on, are done exactly as shown in
the preceding sections. Neutral amino acids (e.g., glycine, alanine,
threonine) are treated as diprotic acids (Table 1-1). Acidic amino acids (e.g.,
aspartic. acid, glutamic acid) and basic amino acids {(e.g., lysine, histidine,
arginine) are treated as triprotic acids, exactly as shown earlier for phosphoric
acid.

* Problem 1-43

“Glycine” can be obtained in three forms: (a) glycine hydrochloride, (b)
isoelectric glycine (sometimes called glycine, free base), and (c) sodium
glycinate. Draw the structures of these three forms.

Solution
(a) COOH (b) COO™ {¢) COO Na*
cr Hslﬁ_(!l—ﬂ “ HsI:I—"(l}——H HiN—(—H
H H H
glycine hydrochloride isoelectric glycine sodium glycinate
(AAY (AAT) (AATH

+ Problem 1-44

Calculate the pH of a 0.1 M solution of (a) glycine hydrochloride, (b)
isoelectric glycine, and (c) sodium glycinate.

Solution

(a) Glycine hydrochloride is essentially a diprotic acid. Because the car-
boxyl group is so much stronger an acid (K., = 4.57 X 107°, pK,, = 2.34) than



-
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Table 1-] Predominant Species and pH at Key Points Along the Titration Curve of Weak Diprotic Acids
pXK., (halfway to First Equivalence pK., (halfway to Second Equivalence
Start Ist equiv. point) Point 2nd equiv. point) Point
50% H.A - 50% HA™ .
Faid 50% HA" HA 50% A™ A
50% H.COs;+ CO. - 50% HCOs g
H;COs (COy) 50% HCO; HCO; 50% CO CO3

HOOC-(CH,),-COOH

50% HOOC-(CH,),-COOH
50% ~OOC~(CHa)-COOH

"00C-(CH,)-COOH

50% “OOC-(CH,)-COOH
50% "OOC-(CH,)-COO~

"OOC-(CHy)-COO™

50% HyN*-CHR-COOH

H;N*-CHR-COO~

50% HsN*-CHR-COO~

. -
H;N'-CHR-COOH 50% HsN'-CHR-COO" (pH =pI) 50% H.N-CHR-COO~ H:N-CHR-COO
. . 50% HoN"-R-NH; . 50% HyN*-R-NH,
HN'-R-NH; 50% HsN*-R-NHa H:N'-R-NH, 50% HoN-R-NH; FLN-R-NH,
pOH = pKy,+ 92] Conc]
pH n:B.I_i_nLi_Lé[c.o_nﬁl pH=PKa. pH :M pH:pKW pHm 14-—p0H
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the charged amino group (pK., = 9.6), thé pH of the solution is established
almost exclusively by the extent to which the carboxyl ionizes.

COOH COO™
HSIS_(]:_H o HSIS—?_H + H*‘ Keq = K;,'
H H
AAY AA°
K. = AA%H"]
ag [AA+I]
Let
y = M of AA* that ionizes
y =M of H* produced
and
y = M of AA® produced

and
0.1—y = M of AA™ remaining at equilibrium

_ ey _ -3
K"‘——__(O.l—y) 4.57x 10

Because of the proximity of the amino and carboxy! groups, the carboxyl
group is a stronger acid than that of acetic acid. The y in the denominator
cannot be ignored.
457x107'—4.57x 107y =4*
Y1 4+457x 107 —4.57x 107 =0
_—b*xVb*—4ac
y 2a

where a=1 b=457X10" ¢=,-457x10"
Solving for y, we obtain:

[H1=192x107"M pH =1.72

Thus, glycine hydrochloride is 19.2% ionized in a 0.1 M solution.
(b) Isoelectric glycine is an intermediate ion of a polyprotic acid..

The pH of a solution of an intermediate ion is, dssentially independent of
the concentration of the ion. The pH may.be calculated from the pK. values
on either side of the ion; that is, from the pK. of the next acid group to ionize
and the pK. of the previous acid group ionized.

Ko+ pKe _2.34+9.6 _11.94
2 ) 2

pH =P

pH = 5.97
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At this point, it would be convenient to review why the pH is the average of
pK., and pK,. The pl is defined as that pH where the predominant ionic
form is AA®, and any small concentration of AA" present is balanced by an
equal concentration of AA”. We know that:

_[AA"H"] _[AAT)HT
K., = [AAT] and K., —~———[ AA°]
oy _ Ko[AA"] r — Kaf AA"]
[AA"}= (2] and [H'} [AA]
Substituting for [AA®):
o KoK [AA") e _ KaKu[AA")
I =Taamy o P =7as
But: [AAT]=[AAT]
K. +pK.,
[H1=VEK,K., and pH = Li?—— (40)

() Sodium glycinate is a diprotic base. Both the un-ionized amino group
and the carboxylate ion can accept a proton from water, However, because
the amino group is a much stronger base than the carboxylate ion, the pH of
the sclution depends almost entirely on the extent to which the amino group
ionizes. We can check the relative base strengths by calculating K, for each
group. For the amino group,

-—14
Ko =Bz = 2= 107 = 3.98% 10
ag
For the carboxylate ion,
-4
Ko =52 = 20 = 107 = 219X 107"
a
olelon COO~
HQN——(‘}-——H '+ HOH == Hst;g—(i:—H + OH~

H H

AA™ AA®

_[OHTNAAT __()B)

K., [AAT] (0.1-y)

Because the concentration of sodium glycinate is large compared to K,,, we

. can neglect the y in the denominator.

2
8.98% 107" = ﬁyi y'=3.98%107°

y =V3.98%107°=1.995x 107
[OH1=1995%X 107" M =2x 107" M
K, _1x10™™

_ 12
OH~ ax10° > X110

(H'}=
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 log L = log = 1
pH =log [H+]-log5X 10_,,—Iog2x 10

pH=113

+ Problem 1-45

(a) Draw the structures of the various forms of “aspartic acid” that may be
obtained. (b)-(e) Show how each form ionizes in water.

Solution

(a) ‘“‘Aspartic acid” may be obtained in four forms: aspartic hydrochloride
(AA™Y, isoelectric aspartic acid (AA’), monosodium aspartate (AA™"), and
disodium aspartate (AA™). The structures are shown below.

COOH COO™ COO~ CEIOO_
CI'HsN—C—H HsIS—“(ilJ—H HaI:I—(IZ—H HaN—G—H
Na” Na*
CH. CH, CH, ° cu, N
COOH COOH COO COO
aspartic hydro- isoelectric aspartic monosodium disodium aspartate
chloride (AA™Y) acid (AA%) aspartate (AA™") (AATY)

(b) Aspartic hydrochloride ionizes as a typical polyprotic acid. The pK,
values for the three acidic groups are 2.1 (e-COOH), 3.86 (8-COOH), and
9.82 (a-NH3). Because the a-COOH is so much stronger an acid than the
other two groups, the pH of an aspartic hydrochloride solution depends
almost exclusively on the concentration of aspartic hydrochloride and the
extent to which the a-COOH ionizes.

COOH (elolon
H:N—C—H == H:N—C—H + H' K.=K,

CH, CH.
COOH COOH
AA™! AA°

The pH calculations may be made exactly as described in the preceding
problem for glycine hydrochloride.

_[AA%H"]
K, = [AAYY]

{c) Disodium aspartate ionizes as a typical polyprotic base. The pK, values
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A for the three basic groups can be calculated from their respective pK. values
' as shown in Table 1-2.

§ pK, =14—pK.
Table 1-2
| Conjugate Acid pK, Conjugate Base pKs
a-COOH 2.1 (pK.,) a-CO0" 11.9 (pK)
B-COOH 3.86 (pK.,) B-CO0~ 10.14 (pKs)
a-NH} 9.82 (pK.,) a-NH, 4.18 (pK.)

Note that the pK, values of the conjugate acids are numbered in decreasing
order of acid strength. The pK, values are numbered in decreasing order of
base strength. Therefore, the «-NHs group is the weakest acid and its pK,
P value is designated pK.,. The conjugate base of the a-NH; group is the
a-NH; group which is the strongest of the basic groups. Hence, its pK, value
: is designated pK,,. Because pK,, is almost 6 pH units less than pK,, (K, is
I almost 10° times less than K,), the pH of a disodium aspartate solution is
: established almost exclusively by the concentration of the salt and the extent of
ionization of the a-NH; group.

lolelon oleloN
HgN—-ét-—H + HOH — HgI:J—~(:3-—H + OH~ K,Q=K,,,=§:

CH., CH,

lelelel (‘:oo‘

AAT? AA"?

Calculations of pH are done exactly as described in the previous problem
for sodium glycinate.

K _[AA™[OH]

" [AATT)
(d) The two remaining forms of aspartic acid are intermediate ions of
polyprotic acids. For example, consider isoelectric aspartic acid. The com-
pound ionizes both as an acid and a base.

COO" COO™

. HN—C—H =— HSI:I—-(E]—-H + H' Ko=K.
CH, CH,
COOH COoO

AA° AA™
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cOO™ COOH

HN—C—H + HOH = H:N—C—H + OH™ K.= Kbszlés

oo

CHz . CH?
COOH COOH
AA° AA™

The pH of solutions of isoelectric aspartic acid may be calculated from the
pK., and pK., values (the pK. values on either side of isoelectric aspartic acid
in its titration curve).

off = PKat pKn 214386 _5.96

9 9 9 = 2.98

() The remaining form, monosodium aspartate, is also an intermediate ion
of a polyproticacid. Itsionizations as an acid and as a base are shown below.

COO” (elelon
H:2N—C—H - = H.N—C—H + H' K.=K,

CH. CH,

COO~ cOO~

AA™ AAT?
COO COO™

H,r;r——?w-H + HOH — H.N—C—H + OH K,q=Kh:%

CH. CH,
(o{elon COOH
AA™ AA®

The group shown ionizing as an acid (the «-NH3) is the only remaining
acidic group. The group shown ionizing as a base (the -COO™ group) is the
stronger of the two basic groups present. The ionization of the «-COO”
group as a base contributes little toward establishing the pH of the solution
because it is so much weaker a base than is the 8-COO™ group. The pH of
solutions of monosodium aspartate may be calculated from the pK,, and pK,,
values.

6.84

H = pKn+pK,, _3.86+9.82 _ 13.68 _
P 2 2 2

« Problem 1-46

Sketch the pH curves for the titration of 100 ml of 0.1 M alanine hydro-
chloride with KOH in the (a) absence and (b) presence of excess formaldehyde.
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Solution

(a) The titration curve resembles that of a typical diprotic acid with two
buffering plateaus in the regions of the pK. values. It takes 1 mole of OH™
per mole of amino acid to go from the starting point to the first end
(equivalence) point and 0.5 mole of OH™ per mole of amino acid to get to the
midway, (the pK,,) position. To go from the first endpoint to the second end
(equivalence) point, another mole of KOH per mole of amino acid is
required; 1.5 moles of KOH per mole of amino acid hydrochloride bring the
pH to the point midway between the first and second equivalence points (to
the pK,, value).

(b) Formaldehyde reacts with amino groups to form methylo! derivatives.

COOH COOH COOH
’ HCHO HCHO
H,,N—cl;—H === H—N—C—H HOH.C—N—C—H

R ' HOH.,C R HOH:.C R

i The methylol derivatives are stronger acids (weaker bases) than are the
original unsubstituted amino groups. In other words, the pK., value for the
substituted amino acid is lower than the pXK,, value for the original amino
acid. The titration curves are sketched in Figure 1-7. Note that formal-
! dehyde has no effect on the amounts of KXOH required to titrate the amino
o acid to pK.,, pK., (or pKy,), and the equivalence points. Also note that only
S the pK,, value is shifted; formaldehyde has no effect on the a-COOH group.

+ Problem 1-47

Calculate the isoelectric point (pI) and the pH at which the maximum total
number of charges are present (pH) for (a) glycine, (b) aspartic acid, and (c)

lysine.
|
pKﬂz —————————————— {
PKiy = o7 fr e e e e : :
" -
3 M 1 l
N ] I
pH | [
| | i
% { |
. Koy F——= ] ! |
Pl B 1 i I
1 ! I ]
] | | |
I ] ! |
I | ; i
0 0.005 0.010 0015 0.020

Motes KOH

Figure 1-7 Titration curve of 0.01 moles of alanine hydro-
chloride in the presence and in the absence of formaldehyde.
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Solution

The isoelectric point, pl, is the pH at which the amino acid or peptide carries
no net charge; that is, the predominant ionic form is the isoelectric species,
AA®, and (because the isoelectric form ionizes both as an acid and as a base)
there are equal amounts of the ionic forms AA™ and AA™". (The ionization
of AA® to form AA* and AA™ is a disproportionation reaction, as described
earlier.) The pI may also be thought of as the pH of a solution of the
isoelectric form of the amino acid. ‘

The pI of amino acids is the pH at one equivalence point along the titration
curve, specifically the equivalence point at which all the AA™ is converted to
AA®. The pH at this point is, as usual, the average of the pK., value to follow
and the pK. value just passed. Similarly, pH.,, is the pH at one equivalence
point and may be similarly calculated. To determine pI and pH. simply
sketch the titration curve and indicate the predominant ionic species present
at each key point. Or, prepare a table showing the ionic form of each
titratable group at key points. For simplicity, assume that you are starting
with the maximally protonated amino acid or peptide.

(a) Glycine. As shown in Table 1-3, glycine exists as the “‘zwitterion” or
isoelectric form at the first equivalence .point. At this point, glycine also
bears the greatest total number of charges. Therefore:

_pKotpK, _2.34+9.6_11.94
2 2 2

(b) Aspartic acid. We can see from Table 1-3 and Figure 1-8 that aspartic acid
carries no net charge at the first equivalence point.

pl = pH. =5.97

9.82

COOH COCH coo™ Co0™
AAF AAO AA™ AAZ -

Figure 1-8 Titration curve of aspartic acid. For clarity, the vertical
axis is not drawn to scale.



Table 1-8  Aspartic Acid

Predominant Ionic Form at Different Positions along the Titration Curve

Tonizable First Second Third
Group Start pKa Equivalence pKa Equivalence pKa Eguivalence
a-carboxyl COOH COOH®B) CO0O~ COO~ COO~ COO~ COO~
COO™¢)
B-carboxyl COOH COOH COOH COOH®) ofelon CO0O~ COO~
COO™ ()
a-amino NH; NH7 NH; NH; NH{ NH: ) NH,
NHa(z)
Net charge +1 +3 0 -3 -1 - 13 -2

AdLSINAHD dSVE-AIOV ANV SNOILNIOS SNOANVY g8/



Table 1-4 Lysine

Predominant Ionic Form at Different Positions along the Titration Curve

Tonizable First Second Third
Group Start pK. Equivalence pK. Equivalence pK Equivalence
a-carboxyl COOH COOHY®) CO0~ COO~ COO” COO0~ COO~
coo™@)
a-amino NH{ NH; NH; NH:@) NH. NH. NH,
NH:(E)
e-amino NH; NH; NH3 NH; NH: NH; () NH,
NH.(3)
Net charge +2 +13 +1 +4 0 —4 -1

6l SIAILIAL ANV SAIDV ONINWY
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o =PKatpKy 2094386 595
2 2 2

We can also see that aspartic acid carries the maximum total number of
charges at the second equivalence point.

_pKotpKe_3.86+9.82 _ 13.68
2 2 2

When constructing Table 1-3, we assumed that at the first equivalence point
the a-carboxyl is completely ionized and that the B-carboxyl is completely
un-ionized. These assumptions, of course, are not entirely true; the actual
degree to which the a- and B-carboxyls are ionized can be calculated using the
Henderson-Hasselbalch equation. If we carry out the calculation, we find
that the proportion of a-carboxyl that is still in the COOH form exactly equals
the proportion of B-carboxyl in the COO™ form. (At pH 2.98, we are just as
far above the pK, for the a-carboxyl as we are below the pK,, for the
B-carboxyl.) Thus, to determine the net charge on the molecule, we are
justified in tallying only the predominant ionic forms at each key point along
the titration curve.

(c) Lysine. We see from Table 1-4 and Figure 1-9 that lysine carries no net
charge at the second equivalence point.

=2.98

=6.84

pH..

pf <PEutpK 89541053 1948
2 2 2

We also see that lysine carries the maximum total number of charges at the
first equivalence point (all ionizable groups charged).

9.74

10.53
pK, * pK
pl=——2=974
8.95
pH
pKclx + pK,
pHp = —-—2———5= 557

2.18

]

COOH ?00' co0~ coo-
+
HN—C—H  HN—C—H  H,N—C—H  H,N—C—H
= | = = |
[CHajs [CHz}4 [CH.Jq I(':th
NHY NHE NHE NH,
AN ARt AA° A

Figure 1-9 Titration curve of lysine. For clarity, the vertical axis is not
drawn to scale.
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_pKo+pK,_2.18+8.95 _11.13
" 2 2 2

pH =5.57

We assumed that at the second equivalence point the a-amino group is
completely uncharged and the e-amino group is completely ionized. These
assumptions are valid for calculating the net charge on lysine for the same
reasons described earlier concerning aspartic acid.

» Problem 1-48

An enzyme catalyzing the decarboxylation of lysine accepts only the isoelectric
form as a substrate. What is the actual concentration of isoelectric lysine in a
10 M solution of lysine in a buffer at pH 7.60?

Solution

At pH 7.60, the predominant ionic forms of lysine are AA* and AA® (Fig.
1.9). The equilibrium between these two species is described by K., -
[AA"]

[AAT]

a
pH = pK,,+log {[2\‘:}] 7.60 =8.95+log

[AA] [AA"]_ 224
[AA®) [AA"] 1

1.35=log

oy 1 .05
[AAT)= 934" 10 [AA"]=4.27%10° M

+ Problem 1-49

It is generally assumed that the completely uncharged form of a neutral
amino acid shown below does not exist in solution. Instead, the major
species of, for example, glycine at pH values around pI is the isoelectric form.

COOH C]IOO_
HeN—(lZ—H H,ﬁ—?wH'
H H
Uncharged form Isoelectric form

Assuming pK, =2.5 and pK., = 9.5, estimate the fraction of the total glycine
present as the “rare” uncharged form at pH 5.5.

Solution

From the Henderson-Hasselbalch equation, we find that the ratio of R-
COOH/R-COO™ at pH 5.5 is about 107, (The solution is 3 pH units above
pK..) The ratio of R-NHy/R-NH3 is about 10™. (The solution is 4 pH units
. below pK.,.) Therefore, the combination, which gives the ratio of H:N-R-
COOH/HsN*-R-COO™, is 107°x 107 =107".

one ten-millionth of the total glycine is present
as the completely uncharged species
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Additional problems on the charge properties of amino acids, peptides, and
proteins will be found in Chapter 2.

+ Problem 1-50
Calculate the ionic strength of a 0.05 M glycine buffer, pH 9.6.
Solution ~

The pH = pK.,; therefore [AA’] =[AA”]. Of the glycine species present only
the net charged AA™ contributes to the ionic strength. If the buffer was
prepared by titrating isoelectric glycine (AA°’) with NaOH, the solution
contains 0.025 M AA® 0.025 M AA™,and 0.025 M Na”. The ionic strength of
a 1:1 salt is identical to the molarity of either ion.

1f the buffer was prepared by titrating 0.05 moles of glycine hydrochloride
(AA") with NaOH, then at pH 9.6 the buffer would contain 0.050 M CI,
0.075 M Na”, 0.025 M AA™, and 0.025 M AA®, of which the first three would
contribute to thé ionic strength:

(0.050) + (0.(;75) +0.025) _ | 4075

r
2

Thus, if a low ionic strength is an important consideration, the first method of
preparing the buffer is preferred. :

9B

pHm =~6I5 |- ————— —————————

pH ~

|
|
pl=~325f ———~— :
~ 1
25 i I
| |
j 1 | [
0 05 10 2.0 30 35 40

Moles OH/mole peptide « HCI

Figure 1-10 Titration curve of glutamylserylglutamylvaline
hydrochloride. For clarity, the vertical axis is not drawn to
scale.
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* Problem 1-51

Sketch the pH curve for the titration of 1 mole of ghutamylserylglutamylvaline
hydrochloride.

Solution

Titration and buffer calculations involving peptides are done exactly as shown
earlier for polyprotic acids. We must remember that the amino acid car-
boxyl groups used in forming the peptide bond are no longer available for
titration. The structure of the fully protonated glutamylserylglutamylvaline
is shown below. Itis assumed that the a-COOH group retainsa pK, of ~2.5

H H H O H H H
(PK.y = ~9.5) H,ﬁ——(‘:—ﬁ—N—é—([:l—r}J—(I:——ﬁ—rlr—é:—COOH (pK., = ~2.5)
© émo (Ilﬂz H cLHQO H—(L—CH,
D D T
éooH c];oon
(PK,=~4) (pK.,=~4)

and that both y-COOH groups have identical pK, values of ~4.0. In reality,
the a-COOH group would probably be a much weaker acid once the @-amino
group of valine is tied up in a peptide bond. The theoretical titration curve
is shown in Figure 1-10. In practice, two distinct buffering plateaus at pK.,
and pK,, would not be as obvious as shown.

F. BLOOD BUFFERS
THE HCO;/CO, SYSTEM

The HCO:/COs; system is one of the two major blood buffiers. Carbonic acid
ionizes as a typical weak diprotic acid:

Ko =158%x107"

H.CO» H*+HCO;

pKo =38

pKoy= 1025 || Key=56x107"

H-I—
+
oo}y

However, most of the conjugate acid dissolved in bloed and cytoplasm is
present as CO», not HoCOs. The dissolved CQOs is in equilibrium with CO: in
the gas phase. A more complete presentation of the CO; buffer system is
shown below. ‘
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COs(gas) A cof”

+

H+

13
K“!
Keq Kay
CO;+ H.O H.COs H"+HCOs
(dissolved)

The equilibrium between CO: (gas) and CO. (dissolved) is given by:

[COz]dissotves = R{P co,T‘ (41)

That is, the concentration of dissolved CO. is directly proportional to the
partial pressure of CO: in the gas phase. At 37°C and an ionic strength of
0.15, k =3.01 X 10~ when Pco, is expressed in terms of mm Hg. The
equilibrium constant for the reaction: dissolved COs+ H.O == H,CO; is
about 5% 107>

_ [H:COs] _ % 1073
[COalais. 5% 10

Thus, the overall equilibrium constant between dissolved CO. and H" +
HCOs; is given by:

Kea

, _ [H'IHCOs] _
Ko [COS] K«ll x K"l
=(5x107)(1.58x 107) =7.9x 10~
and pK.=6.1.

The relationship can also be written as:

- [H'HCO:] _ -7
Ka (3.01 X10™)Pco, 9%10
At any pH:
_ [HGCO5] - _ [HCO,]
pH=6.1%log5cq,”  and  PH= 01408 0 10 Peoy.

For all practical purposes, a bicarbonate buffer can be considered to be
composed of HCO; (conjugate base) and dissolved CO. (conjugate acid).
The pH of blood is maintained at about 7.4. If the pK: of CO;is 6.1, how
can the HCO3/CO: help buffer blood at pH 7.4? Everything we have learned
so far suggests that a buffer is effective only in the region of its pK.. The key
here is that in vive the HCO;/CO; buffer is an open system in which the
concentration of dissolved CQ; is maintained constant. Any excess CO:
_produced by the reaction H*+HCO; » H,O+CO; is expelled by the
lungs. In contrast, the usual laboratory buffer is a closed system. The
concentration of conjugate acid increases when H" reacts with the conjugate
base. The effectiveness of the open system is illustrated below.

+ Problem 1-52

Blood plasma contains a total carbonate pool (essentially HCOs + CO») of
2.52x 107* M. (a) What is the HCO3/COs ratio and the concentration of each
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buffer component present at pH 7.4?  (b) What would the pH be if 107° M H*
| is added under conditions where the increased [COs) cannot be released? (c)
! ‘What would the pH be if 107 M H is added and the excess CO, eliminated
(thereby maintaining the original [CO:})?

Solution
- K +10g HCO 4 [HCO;]
(a) pH = pKi+log [COul 74=6.1+log [COy
_ [HCO:3] . [HCO:] 20
1.3=logt—=2 L =22
°81C0 [CO; 1

[HCO3] = %—? X959%107%=| 2.40% 107 M

[CO:l=| 1.2x107°M

(b) If 0.01 M H" is added:

[HCO3 Jpnat = 0.024 — 0.010 = 0.014 M
[COs)gna = 0.0012+ 0.010=0.0112 M

0014
pH=6.1 -Hog{l0112 = 6:1 +log 1.25
=6.1+0.097 pH = 6.2

Clearly, in a closed system, the HCO3/CO. mixture has very little buffer
capacity at pH 7.4.
(¢) In an open system:

0.024 M HCO; +0.01 M H* +0.0012 M COy

0.014 M HCO; +0.0112 M COy,
—— 0.01 M CO: exhaled

0.014 M HCO; +0.0012 M CO,

0.014
0.0012

pH=6.1+log = 6.1 +log 11.667

=6.1+log 1.07 pH=7.16

In an open system, the pH decreases only 0.24 pH unit. At first glance, it
would seem that in an open system, the HCO; reserve would be rapidly
depleted. However, in vive, HCO; is constantly replenished by the oxidative
metabolic pathways, as described in the following section.
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» Problem 1-53

The pH of a sample of arterial blood is 7.42. Upon acidification of 10 ml of
the blood, 5.91 ml of COs (corrected for standard temperature and pressure)
are produced. Calculate (a) the total concentration of dissolved COs in the
blood [CO.; + HCO51, (b) the concentrations of dissolved CO; and HCOs, and
(c) the partial pressure of the dissolved CO; in terms of mm Hg.

Solution

(a) First calculate the number of moles of CO, represented by 5.91 ml at
S.T.P. One mole of a “‘perfect” gas occupies 22.4 liters at S.T.P. The
experimental value for CO. is 22.26 liters. '

5.91 X 107 liters

= -3
99,96 liters/mole  0-265 X 107" moles

This amount of CO, came from 10 ml of blood.

. " . 26.5%107° moles _ 2
concentration of “‘total CQ,"" = 10% 10" Titers 2.65%X107 M
| ® _ [HCO3]
L pH = pK.,, +log ’_—“{coz}
[HCO:] [HCOs]
i 42=6.1+log -  1.32=logt 2
( 7.42=6.1+log (GOl 1.32 =log (CO.]
k) [HCO3] _ _ 20.89
[COu) = antilogof 1.32 = B
(HCO7) = 2289 L o 65x 102 M =] 2.53x 10 M
21.89 .
-2 —_ ~3
[CO:) =57 89><265x 107 M 121X 107 M
(C) [COﬂ]dissnlved = lk‘PC(}z
[CO.] _1.21X% 107°
Pco, = ko B0IxI0T 40.22 mm Hg
HEMOGLOBIN

Aside from its well-known function as an oxygen carrier, hemoglobin plays an
important role as a blood buffer. In order to understand the interrelation-
ship between oxygen uptake and release, and the buffering action of
hemoglobin, we must consider the interaction of several simultaneous equilib-
ria. A greatly simplified version* of the equilibria is developed below.

* The simplified version considers only the binding of a single molecule of O, to a hemoglobin
monomer. In this way, O, binding to HHgb or Hgb can be described by a single oxygen




BLOOD BUFFERS 87

At any time, hemoglobin is present as a mixture of deoxygenated and
oxygenated forms. The proportion of each depends on the concentration
(partial pressure) of O..

—

“deoxyhemoglobin” + O, == “oxyhemoglobin”’

Hemoglobin contains many ionizable groups. One in particular is a
histidine residue that has a pK. around neutrality. Thus, at any time,
hemoglobin is also present as a mixture of protonated and unprotonated
forms. The proportion of each depends on the pH of the blood.

“H Hemoglobin™
1l

“Hemoglobin”

+

H+
In order to combine the two simultaneous equilibria, we must recognize that
“deoxyhemoglobin” represents a mixture of protonated deoxyhemoglobin
(conjugate acid) plus nonprotonated deoxyhemoglobin (conjugate
base). Similarly, “oxyhemoglobin” represents a mixture of H oxyhemoglo-
bin {(conjugate acid) and oxyhemoglobin (conjugate base). To state it in
another way: the conjugate acid of hemoglobin exists in oxygenated and
deoxygenated forms. So does the conjugate base of hemoglobin. Thus,
there are really four species of hemoglobin present at any time. The
proportion of each depends on the concentration of O, and the pH. The
combined equilibria are shown in Figure 1-11.

Hemoglobin in the red blood cells arrives in the lungs mainly as a mixture
of deoxy forms, HHgb+ Hgb. The proportion of each is governed by the
pH and the pK. of deoxyhemoglobin. Since the pH is about 7.4, and pK. is
about 7.7, approximately two thirds of the total deoxyhemoglobin is present
as the conjugate acid form. In the lungs, hemoglobin picks up ox-
ygen. The horizontal equilibrium shifts to the right (reaction 1). HHgbO,
is a stronger acid than HHgb. (A conformational change in the molecule
upon oxygenation decreases the pK. of the histidine group in the region of
the heme to about 6.2.) As a result, the vertical equilibrium shifts downward
(reaction 2) and H” is released. The increased [H"] forces the H" + HCOs
equilibrium to the right (reaction 3). This results in the removal of H" and
the release of CO; to the atmosphere. The oxygenated hemoglobin (mostly
as the conjugate base HgbO. at pH 7.4) is transported to the tissues where the
low O, partial pressure causes the horizontal equilibrium to shift to the
left. Ogis given off (reaction 4). Hgb is a stronger base than HgbO; (which
follows, if HHgbO, is a stronger acid than HHgb). Thus, after O; is
released, the vertical equilibrium shifts upward. As a result, H" ions
(produced from the oxidation of food—reaction 6) are taken up by Hgb
(reaction 7). Stated differently (but equivalently): in the tissues, the higher

dissociation constant. The “percent saturation versus [O,]”" curve for this model would be a
hyperbola. Hemoglobin is actually a tetramer which displays “‘cooperative” binding of four
molecules of O,. The O, binding curve is sigmoidal (Chapter 4). The simplified scheme used
in the present discussion is incorrect, but it conveys the essential features of the interaction
between O,, H*, and CO,.
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KDz =1
HHgb | +02 : H Hgb 02
K,=2x% 108 K,=63x%x10"7
@ pK, =177 @ pK, =62
1
Kp, = 0032
RHgh + 0, Hgb Oy
3 . @ ¥
HY FIod H* + HCO;%H;O +CO,t
A COz + H0

L Replenishes HCO3

®

Figure 1-1]1 A simplified model for the oxygen/H' equilibria of hemo-
globin. Ko, is arbitrarily taken as unity. All constants are dissociation
constants. pK, istakenas7.7, butvaluesof 7.71 t08.18 have been reported. - pK;
is taken as 6.2, but values of 6.17 to 6.68 have been reported.

[H™"] forces the vertical equilibrium upward. The conjugate acid of hemo-
globin has a lower O, affinity (higher O. dissociation constant) than the
conjugate base of hemoglobin. Consequently, O» is released (i.e., the hori-
zontal equilibrium shifts to the left). Of course, both the H' and O: shifts

occur simultaneously. The sequence of events can be summarized as shown

below.
“ Lungs Conjugate acid forms
g | — a
& g
§S; 5 and .
B Tissues o Tissues Lungs
§|l— | &
a Conjugate base forms

" or, the overall equilibrium shifts as follows:

In the In the
lungs and tissues

As an overall result, the oxidation of food yields COs, H', and HCO; yet the
concentrations of all three (hence, the pH of the tissues and blood) remain

essentially constant.
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+ Problem 1-54

Consult Figure 1-11. If K, =2X107% Ki=6.3%107, and Ko, = 1, why must
K&, equal 0.032?

Solution

The overall equilibrium constant between any two points is the same regard-
less of the path taken. Thus, K. for the sequence HHgbhO,=0,+
HHgb=H"+Hgb equals K. for the sequence HHgbhO.=H"+
HgbO, == O;+Hgb. The overall K., of a sequence of reactions is the
product of the K.'s of each step.

Ko, % K.= KL% K&,

Ko =Ko X Ko _ (D(@X107)
©2 K. (6.3%107)

Ko, =0.032

Thus, HghQ; has a lower oxygen dissociation constant (higher O, binding
constant) than HHgbO..

« Problem 1-55

How many moles of H" can be taken up by hemoglobin at pH 7.4 as a
consequence of the release of one mole of Os? Assume pK,=7.7 and
pK.=6.2,

Solution

Using the Hendersen-Hasselbalch equation, we can calculate that, at pH 7.4,
15.85/16.85 = 0.941 of the total oxyhemoglobin is in the HgbO, form, and
1/16.84 = 0.059 is in the HHgbO, form. Similarly, we can calculate that, at
pH 7.4, one third = 0.333 of the total deoxyhemoglobin is in the Hgb form
and two thirds = 0.667 is in the HHgb form. Thus after the release of one
mole of O, the conjugate base/conjugate acid ratio must decrease to maintain
equilibrium. That is, the conjugate base/conjugate acid equilibrium ratio of
15.85:1 for oxyhemoglobin is much higher than the corresponding equilib-
rium ratio of 0.5:1 for deoxyhemoglobin. Therefore, when oxyhemoglobin
is converted to deoxyhemoglobin, the amount of the conjugate base must
decrease (by picking up an H" to become the conjugate acid). Specifically,
the release of one mole of O, forces the uptake of (0.667—0.059) or
{0.941 — 0.333) = 0.608 moles of H*. Under physiological conditions, slightly
more than 0.6 moles of H” are formed (from CO; entering the blood) for
every mole of O released. This extra H" is partially absorbed by the
noncarbonate blood buffers (phosphate and plasma proteins). As a result,
the pH of venous blood is actually 7.38 in normal resting individuals,
compared to pH 7.41 for arterial blood.

« Problem 1-56

The oxygen binding curve for hemoglobin is shown in Figure 1-12. In the
presence of CQ,, the partial pressure of O, required for any given fraction of
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100 —

-0,

+C0, (fower pH)

Percent saturated

B

Figure 1-12 Oxygen binding by hemoglobin in the absence and in the
presence of CO,. !

saturation is increased. Suggest an explanation for this “Bohr effect,” asitis
known.

Solution

As shown in Figure 1-11, HHgbO:, has a greater oxygen dissociation constant
than HgbO; or, in other words, HHgb has a lower O affinity than does
Hgb. In effect, CO, shifts the equilibrium between the conjugate acid and
conjugate base forms of hemoglobin. In vive, CO, rapidly diffuses into the
red bloed cells, and reacts with water to produce H*+HCO;. (In fact, the
red blood cells contain an enzyme called carbonic anhydrase that accelerates
the reaction CO; + H,O == H" + HCO5.) The decreased pH shifts the verti-
cal equilibria of Figure 1-11 upward. Thus, hemoglobin is forced to a form
with a lower O; affinity and O is given off. In other words, at any given Po,,
less O, is bound to hemoglobin in the presence of CO. because CO. causes the
pH to decrease. As a result, a higher Po, is required to attain any given
percent saturation.
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PRACTICE PROBLEMS 81

Consult Appendices IV and VII for K, and pK, values. Answers to the Practice Problems are

given on pages 421-423.

Concentrations of Solutions

1. A solution contains 15g of CaCh in a
total volume of 190 ml. Express the concen-
trationt of this solution in terms of (a) gfliter,
() % (wiv), {c) mg %, (d) M, and (e} osmolar-
ity. (f) What is the ionic strength of the
solution?

2. A solution was prepared by dissolving
8.0g of sofid ammonium sulfate (MW=
132.14, specific volume = 0.565 ml/g) in 35 ml
(ie., 358) of water. (a) What is the final
volume of the solution? Express the con-
centration of ammonium sulfate in terms of
by % (wiw), (&} % (w/v), (d) m, (e) M, (f)
osmolarity, and {g) mole fraction ammonium
sulfate. {(h) What is the ionic strength of the
solution?

3. Starting with 150 m! of a 40% saturated
ammonium sulfate solution at 0°C calculate (a)
the weight of solid ammonium sulfate that
must be added to bring the solution to 60%
saturation, and (b) the volume of saturated
solution that must be added to attain 60%
saturation. The specific volume of am-
monium sulfate is 0.5656 ml/g. ~

4. What is the molarity of pure ethanol—
that is, how many moles are present in 1 liter
of pure ethanol? The density of ethanol is
0.789 g/ml. The MW of ethanol is 46.07.

Strong Acids and Bases—pH

5. Calculate the pH, pOH, and number of
H® and OH" ions per liter in each of the
following solutions: (a) 0.01 M HCI, (b)
107" M HNOsy, {c) 0.0025 M H,S0,, {d) 3.7x
10° M KOH, (e) 5X10°M HCI, () 2.9x%
10° M NaOH, (g) | M HC}, (h) 10 M HNO;,
and (i) 3x 107° N H,S0,.

6. Calculate the H" ion concentration (M),
the OH™ ion concentration, and the number
of H' and OH™ ions per liter in solutions
having pH values of (a) 2.73, (b) 5.29, () 6.78,
{d) 8.65, (e) 9.52, {f) 11.41, and (g) 0.

7. Calculate the {a) [H*], (b) [OH), (c) pH,
and (d) pOH of the final solution obtained
after 100 m] of 0.2 M NaOH are added to
150 mi of 0.4 M H:SO..

8. Calculate the pH and pOH of a solution
obtained by adding 0.2 g of solid KOH to 1.5
liters of 0.002 M HCI

9. The pH of 2 0,10 M HCI solution was
found to be 1.15. Calculate the (a) ax* and
(b} yu* in this solution.

10. The activity coefficient of the hydroxyl
ion (you-) is 0.72 in a 0.1 M solution of
KOH. Calculate the pH and pOH of this
solution.

il. Concentrated Hs30; 1s 96% H,SO, by
weight and has a density of 1.84g/ml
Calculate the volume of concentrated acid
required to make (a) 750 ml of 1 N HsSO, (b)
600 ml of 1 M H:S80,, (c) 1000 g of a dilute
H;S50, solution containing 12% H;SOs by
weight, {d) an H.S0, solution containing 6.5
equivalents per liter, and (e) a dilute H,SO,
solution of pH 3.8.

12. Concentrated HCI is 37.5% HCI by
weight and has a density of 1.19. (a) Calcu-
late the molarity of the concentrated
acid. (b) Describe the preparation of 500 ml
of 0.2 M HCL (c) Describe the preparation
of 350ml! of 6.5 N HCL (d) Describe the
preparation of an HCI solution containing
25% HCI by weight. (€) Describe the prep-
aration of a dilute HC! solution having a pH
of 4.7

18. Calculate the weight of solid NaOH
required to prepare (a) 5 liters of a 2M
solution, (b) 2 liters of a solution of pH 11.5,
and (c) 500 ml of 62% w/w solution. The
density of 62% NaOH solution is 1.15 g/ml.

14, How many milliliters of 0.12 M H.SO,
are required to neutralize exactly half of the
OH  ions present in 540 ml of 0.18 N NaOH?

15. How many grams of solid Na;COs are
required to neutralize exactly 2 liters of an
HCI solution of pH 2.0?

16. How many milliliters of 0.15 M KOH
are required to neutralize exactly 180g of
pure HzSOg?
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Weak Acids and Bases—Buyffers

When solving the problems below, assume that y =1 for all substances unless otherwise

indicated.

17. The weak acid, HA, is 2.4% dissociated
in a2 0.22 M solution. Calculate (a) the Ko, (b)
the pH of the solution, {¢) the amountof 0.1 N
KOH requiired to neutralize 550 ml of the
weak acid solution, and (d) the number of H*
ions in 550 ml of the weak acid solution.

18. The pH of a 0.27 M solution of a weak
acid, HA, is 4.3. (a) What is the H' ion
concentration in the solution? (b) What is
the degree of ionization of the acid? ()
What is the K,?

19. The K. of a weak acid, HA, is 83X
107, Calculate (a) the OH ™ ion concentration
in the solution and (b) the degree of dissocia-
tion of the acid in a 0.15 M solution.

90. At what concentration of weak acid,
HA (in terms of its K,), will the acid be 25%
dissociated?

21. (a) Calculate the pH of a .05 M solu-
tion of ethanolamine, K, =2.8x107. (b)
What is the degree of ionization of the amine?

22. Calculate the pK. and pK, of weak
acids with K. values of (a) 6.23x 107, (b)
2.9% 107, (c) 3.4X 107, and (d) 7.2 X 107%,

23. Calculate the pK;, and pK. of weak
bases with K, values of (a) 2.1 X 107, (b) 8.1 X
107, () 7.8% 107, and (d) 9.2 X 107",

24. Calculate the pH of 2 0.2 M solution of
an amine that has a pK. of 9.5.

25. What is the pH of a 0.20 M solution of
(a) HaPO,, (b) KHLPO,, (c) K:HPO,, (d) K:PO;,
(e) potassium acetate, (f) NHBr, (g) sodium
phenolate, (h) trisodium citrate, (i) disodium
citrate, and (j) ethanolamine hydrochloride?

26. How many milliliters of 0.1 M KOH
are required to titrate completely 270 ml of
0.4 M propionic acid?

27. How many milliliters of 0.2 M KOH
are required to titrate completely 650 ml of
0.05 M citric acid?

28. What are the final hydrogen ion con-
centration and pH of a solution obtained by
mixing 100 ml of 0.2 M KOH with 150 ml of
0.1 M HOAc? pK, of HOAc = 4.77.

29. What are the final hydrogen ion con-
centration and pH of a solution obtained by
mixing 200 ml of 0.4 M aqueous NH, with
300 m! of 0.2 M HCR (K, = 1.8 X 10—75)

30. What are the final hydrogen ion con
centration and pH of a solution obtained b
mixing 250 ml of 0.1 M citric acid with 300 m
of 0.1 M KOH? pK's are 3.06, 4.74, and 5.4(

31. What are the final hydrogen ion con
centration and pH of a solution obtained b
mixing 400 m! of 0.2 M NaOH with 150 ml o
0.1 M H,PO,? pK.’'s are 2.12,7.21, and 12.32.

32. Whart are the concentrations of NF
and NH,Clin 2 0.15 M “ammonia” buffer, p}
9.6 (K, = 1.8 X 107°)?

33. (a) What is the pH of a solution cor
taining 0.01 M HPOP and 0.01 M PO! (a
sume y = 1)? {b) Calculate the actual pH t
using the activity coefficients listed in Appe:
dix V. (c) What is pKi at a total ion
strength of 0.1? (Consult Appendix V1)

34, What is the pH of a solution contai
ing  03M Tristhydroxymethylamin
methane (free base) and 0.2 M Tris hyd:
chloride? pK, = 8.1.

35. What is the pH of a solution conta’
ing 0.2 gfliter Na,;COs and 0.2 g/liter NaHC(
(PK., = 10.25)

36. What is the pH of a solution prepar
by dissolving 5.35 g of NH,Clin a liter of 0.2
NHg? (K, of NH, is 1.8 x 10~5)

.37. . Describe the preparation of 2 liters
0.95 M formate buffer, pH 4.5, starting fr.
1 M formic acid and solid sodium form
(HCOONa). pK. of HCOOH is 3.75.

38. Describe the preparation of 40 liter:
0.02 M phosphate buffer, pH 6.9, start
from (a) a 2 M H,PO, solution and a ~
KOH solution, (b) a 0.8 M HiPO, solution :
solid NaOH, (¢) a commercial concentra
HsPO;, solution and 1 M KOH, (d) 1| M s
tions of KHyPO, and NaHPO, (e} s
KH.PO; and K.HPO,, (f} solid K:HPO; .
1.5 M HCl, (g) 1.2 M XoHPO, and 2 M H,!
(h) solid XH.PO, and 2M KOH, (i) 1.
KH,PO and 1 M NaOH, and (j) solid Na;
and 1 M HCL



39. What volume of glacial acetic acid
(density 1.06 g/ml) and what weight of solid
potassium acetate are required to prepare 5
liters of 0.2 M acetate buffer, pH 5.0?

40. An enzyme-catalyzed reaction was car-
ried out in a solution buffered with 0.03 M
phosphate, pH 7.2.  As a result of ‘the reac-
tion, 0.004 mole/liter of acid was formed. (a)
What was the pH at the end of the reac-
tion? (b) What would the pH be if no buffer
were present? (c) Write the chemical equa-
tion showing how the phosphate buffer re-
sisted a large change in pH.

4]1. An enzyme-catalyzed reaction was car-
ried out in a solution containing 0.2 M Tris
buffer. The pH of the reaction mixture at
the start was 7.8. As a result of the reaction,
0.033 mole/liter of H* was consumed. (a)
What was the ratio of Tris’ (free base) to Tris*
CI” at the start of the reaction? (b) What was
the Tris”/Tris* ratio at the end of the reac-
tion? (c) What was the final pH of the reac-
tion mixture? (d) What would the final pH
be if no buffer were present? ({e) Write the
chemical equations showing how the Tris
buffer maintained a near constant pH during
the reaction. The pK. of Trs is 8.1.

42, When a sulfate ester is hydrolyzed, an
H" ion is produced:

R-0-80; + H;O — ROH+ SO + H"

The above reaction was carried out in 1.0 ml
of 0.02 M Tris buffer, pH 8.10, containing
0.01 M R-O-50; and an enzyme called a sul-
fatase that catalyzes the reaction. At the end
of 10 minuftes, the pH of the reaction mixture
decreased to 7.97. How many pmoles of R-
0-5S0; were hydrolyzed during the 10 minute
incubation period?

43. Calculate the (a) instantaneous and (b)
practical buffer capacity in the acid and al-
kaline directions of a 0.01 M phosphate
buffer, pH 6.8.

44, The pK. values of malic acid are 3.40
and 5.05. (a) What is the pH of a solution of
0.05 M monosodium malate? (b) What is the
pH at the first equivalence point when malic
acid is titrated with KOH? (c) What are the
ratios and concentrations of all malate species
in 2 0.05 M solution at pH 4.70?

PRACTICE PROBLEMS $3
Amino Acids and Peptides

45, Calculate the pH of a 1 mM solution of
(@) alanine hydrochloride, (b) isoelectric
alanine, and {(c) the sodium salt of alanine.

46. Calculate the volume of 0.1 M KOH
required to titrate completely (a) 450 m] of
0.25 M alanine hydrochloride, (b) 200 mi of
0.10 M isoelectric serine, (c) 400 m! of 0.15 M
monosodium glutamate, and (d) 400 ml of
0.15 M isoelectric glutamic acid.

47, Calculate the volume of 0.2 M HCI
required to titrate completely (a) 200 ml of
0.25 M isoelectric leucine, (b) 375 mi of 0.25 M
isoelectric glutamic acid, (c) 490 mi of 0.256 M
isoelectric lysine, and (d) 125ml of 0.26 M
sodium salt of lysine.

48. Calculate the pH of a solution ob-
tained by adding 20mi of 0.20 M KOH to
480 ml 9f 0.02 M isoelectric glycine.

49.  What is the major ionic species present
at pH 7.5in 0.15 M solutions of (a) leucine, (b)
aspartic acid, and (c) lysine.

50. Describe the preparation of 1 liter of
0.2 M Thistidine buffer, pH 6.5, starting from
solid histidine hydrochloride monohydrate
(MW=209.6) and 1M KOH. pK, of
histidine = 6.0. (His. HCl is AA™).

Blood Buffers

51. What is the concentration of dissolved
CO; in equilibrium with an atmosphere con-
taining a partial pressure of CO, of 40 mm
Hg?

52. What are = the ratios of
CO,/HCO5/CO;” in blood plasma at pH
7.4? (pK,=6.1, pK,=10.25)

53. Blood plasma at pH 7.4 contains 2.4 X
10'2M HCO; and 1.2X 107 M CO,. Calcu-
late the pH after the addition of 3.2x 10 M
H*. Assume that the concentration of dissol-
ved CO; is maintained constant at 1.2 X 107 M
by the release of excess CO,. '

54. Consider the hemoglobin reaction
scheme shown in Figure 1-11, If K, =
6.6x107°, K.=24%107, and Ko, =1, what
must K§, be?

55. The pK.’s of HHgbO, and HHgb
from an aquatic mammal are 6.62 and 8.18,
respectively. Calculate the number of moles
of H" taken up by the hemoglobin per mole of
Qs released at pH 7.4.



CHEMISTRY OF BIOLOGICAL
MOLECULES

A. AMINO ACIDS, PEPTIDES, AND PROTEINS

The following two sections illustrate how a knowledge of the acid-base
properties of amino acids and peptides can be used to advantage in designing
separation procedures, or predicting separation patterns.

ION-EXCHANGE CHROMATOGRAPHY

Ion-exchange chromatography is widely used to separate and analyze mix-
tures of amino acids. The most common ion-exchange resin used for this
purpose 1s a sulfonic acid cation exchanger of the Dowex-50 (polystyrene)
type. The structure of the resin is:

 —CH,—CH—CH,—CH—

SO5 SOs

n

The amino acid mixture is applied to a column of Dowex-50 and then eluted
by percolating a buffer of specified pH and ionic strength through the
column. The positive charges on an amino acid are attracted to the resin by
electrostatic forces. In addition, the hydrophobic regions of amino acids
interact with the nonpolar benzene ring. Atany pH, a certain fraction of any
amino acid exists in positively charged forms.  An amino acid with a higher
[AA*)/[AA®] ratio will move through the column slower than one of equal
nonpolar character with a lower [AA")/[AA"] ratio. In other words, the
amino acid with the lower [AA)/[AA"] ratio will elute before the one with a
higher ratio (provided they have equal nonpolar attractions for the resin).

A rapid estimate of the effective charge on an amino acid can be made by
"comparing its pl with the pH of the buffer used:

lLetAp=pl —pH

If Ap'is positive, the amino acid carries a net positive charge. An amino acid
with a greater Ap will stick more tightly to a cation-exchange resin than an
equally hydrophobic amino acid with a lower Ap. If Ap is negative, the

94
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amino acid carries a net negative charge and, consequently, will have very
little attraction for the resin.

+ Problem 2-1

A solution containing aspartic acid (pI = 2.98), glycine (pI = 5.97), threonine
(pI = 6.53), leucine (pI = 5.98), and lysine (pI = 9.74) in a pH 3.0 citrate buffer
was applied to a Dowex-50 cation-exchange column equilibrated with the
same buffer. The column was then eluted with the buffer and fractions
collected. In what order will the five amino acids elute from the column?

Solution

Aspartic acid, with two partially ionized (negatively charged) carboxyl groups
(and the lowest Ap) will elute first. Of the three neutral amino acids,
threonine has the greatest [AA")/[AA®] ratio (i.e., the highest Ap), but it is
highly polar because of the OH group. Consequently, threonine elutes
before glycine and leucine. Glycine and leucine have about the same Ap, but
leucine is decidedly more nonpolar than glycine. Therefore, glycine elutes
third, followed by leucine. Lysine has a high effective positive charge
because of its additional amino group (pI =9.74, Ap=6.74). Therefore
lysine elutes last, or not at all, unless the pH and/or the ionic strength of the
eluting buffer are increased.

ELECTROPHORESIS

Charged compounds such as amino acids may be separated by taking
advantage of their different mobilities in an electric field. Electrophoretic
mobility of a compound on a buffered solid support depends approximately
on the charge/mass ratio. This can be expressed mathematically as:

—kAp _k{(pH —pl)
MW ~ MW

Mobility = )

where k is a constant related to the voltage, electrophoretic medium, and the
like. A positive mobility value as defined by the above equation indicates
movement toward the positive pole; a negative value indicates movement
toward the negative pole. The above equation is not exact. Anormalies
occur because of different degrees of hydration of different ions, differential
binding of ions to the support, and the like.

Electrophoretic moblhty at any glven pH on a given medmm is usually
expressed in terms of cm® volt™ sec™, as shown below:

distance per unit time _ cm/sec -t

2 -1
: = =c¢m” Xvolt™ Xsec
electrical field strength  volts/cm

mobility =

» Problem 2-2

What are the relative electrophoretic mobilities of glycine, leucine, aspartic
acid, glutamic acid, and lysine at pH 4.70?
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Solution

Using the approximate equation we would predict that lysine moves the
fastest toward the negative pole, followed by glycine and then leucine. As-
partate moves faster than glutamate toward the positive pole. The calcula-
tions are summarized below:

" Amino Acid MW pI  Mobility « PEPL o Spr 79

MW

Lysine 146.2 9.74 —0.0345
Glycine 75.1 5.97 —0.0169
Leucine 131.2 5.98 —0.0098
Glutamic

acid 147.1 3.22 +0.0100
Aspartic

acid 133.1 2.98 +0.0129

PRIMARY STRUCTURE-—SEQUENCING

The sequence of amino acids in the polypeptide chain (i.e., the primary
structure of a polypeptide or protein) can be established by selective chemical
and enzymatic cleavage of the protein followed by separation, amino acid
analysis, and sequence determination of all peptide fragments. The entire
amino acid sequence is established by overlapping identical regions of the
individual fragments. The following problem illustrates the procedure.

» Problem 2-3

Partial hydrolysis of a protein yielded a number of polypeptides. One of
them was purified. Deduce the sequence of amino acids in this polypeptide
from the following information:

(a) Complete acid hydrolysis yielded ala+ arg+2ser+lys+ phe+ met+
trp + pro.

(b) Treatment with fluorodinitrobenzene (FDNB, the Sanger reagent) fol-
lowed by complete acid hydrolysis yielded dinitrophenylalanine (DNP-ala)
and e-dinitrophenyllysine (e-DNP-lys} as the only DNP derivatives.

{c} Neither carboxypeptidase A nor carboxypeptidase B released a C-
terminal amino acid.

(d} Treatment with cyanogen bromide (CNBr) yielded two peptides. One
contained ser+trp+ pro. The other contained all the remaining amino
acids (including the second ser).

(e) Treatment with chymotrypsin yielded three peptides. One contained
only ser +pro. Another contained only met+trp. The third contained
phe +lys+ser +arg + ala.

{f) Treatment with trypsin yielded three peptides. One contained only
ala+arg. Another contained only lys+ser. The third contained phe+
trp + met+ ser + pro.



,"

AMINO ACIDS, PEPTIDES, AND PROTEINS 97
Solution

(a) FDNB reacts with free amino groups yielding the DNP-amino acid
derivative upon hydrolysis. Thus the N-terminal amino acid is
alanine. Lysine is in the interior of the chain and has its e-amino group
free. Thus, the peptide is linear, not circular.
(b) Carboxypeptidase A will cleave all C-terminal amino acids except ar-
ginine, lysine, or proline. Carboxypeptidase B will cleave only C-terminal
arginine or lysine. Neither will act on any C-terminal amino acid if the next-
to-last (penultimate) amino acid is proline: The lack of product with both
enzymes suggest that proline is the last er penultimate residue.
Note. Carboxypeptidases will continue to cleave susceptible C-terminal
amino acids. So what we really determine is the identity of the amino acid
that is released most rapidly.
(c) Cyanogen bromide cleaves specifically on the carboxyl side of
methionine residues. (The methionine is converted to homoserine.) The
data so far suggest that the tripeptide released by CNBr is C-terminal. (It
contains the pro.) Thus, the last four residues include met, followed by trp,
ser, and pro (but the sequence of the last three is still unknown). ‘
(d) Chymotrypsin cleaves on the carboxyl side of phenylalanine, tyrosine,
tryptophan, and leucine provided the next residue {dornating the amino
group) is not proline. The composition of one of the chymotrypsin dipep-
tides confirms that the C-terminal end of the original peptide is met-trp-ser-
pro. The amino acid preceding the methionine must be phenylalanine (the
only remaining residue susceptible to chymotrypsin). Thus, the terminal
sequence is phe-met-trp-ser-pro.
(e) Trypsin cleaves on the carboxyl side of lysine and arginine provided the
next amino acid (donating the amino group) is not proline. "Since alanine is
N-terminal, the beginning sequence must be ala-arg-ser-lys.

The overall sequence is shown below:

FDNB Trypsin  Trypsin Chymotrypsin Chymotrypsin

x 1
H.N - aIa—argﬁi—ser—lys%phe——g—-_metw -trp—l—ser—pro—COO
x |

FDNB CNBr

If another major polypeptide fragment was shown to contain met-trp-ser-
pro-glu-glu-thr-len-val-gly, then the met-trp-ser-pro overlap suggests a se-
quence of ala-arg-ser-lys-phe-met-trp-ser-pro-glu-glu-thr-leu-val-gly.

* Problem 2-4

Upon complete acid hydrolysis, a peptide yielded gly+ala+2cys+arg+
glu +ile + thr + phe +val + NH{. Reduction of the original peptide with
mercaptoethanol, followed by alkylation of the cysteine residues with iodoace-
tate yielded two smaller peptides (A and B). Suggest a likely structure of the
original peptide from the following data:
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Peptide A: (a) Contained ala+ gly + cys + glu +arg +ile + NH{

(b) Carboxypeptidase A liberated isoleucine

(c) Treatment with phenylisothiocyanate (PITC, the Edman
reagent) yielded the phenylthiohydantoin derivative of
glycine (PTH-glycine)

(d) Treatment with trypsin yielded two peptides. One con-
tained glutamate + isoleucine + NH;. The other con-
tained gly +ala+cys+arg

Peptide B: (e) Contained thr + val+cys+ phe

(fy Carboxypeptidase A liberated valine

(g) Chymotrypsin liberated valine and a tripeptide containing
cys + thr + phe : _

(h) The Edman degradation yielded PTH-threonine

Solution

The Edman reagent attacks free amino groups releasing the PTH-amino
acid derivative. Mercaptoethanol reduces disulfide bonds. Iodoacetate al-
kylates the -SH groups, thereby preventing reoxidation. The NH{ produced
by acid hydrolysis must have come from an amide. Thus, the glutamate
probably was present as glutamine. The original peptide probably has the

structure shown below: -
(A) PITC Trypsin Carboxypeptidase A
I
N [ -
HsN-gly ala—-—cys arg‘%glu—NHz——r—xle———*COO
!
——————— Mercaptoethanol
\ l
+ |
(B) H.N thr Cys phe Ji val—COQO~
' |
PITC Carboxypeptidase A
and
Chymotrypsin

The ala and cys of peptide A could be reversed.

VARIETY OF PEPTIDES AND PROTEINS

The following problems illustrate the tremendous variety of polypeptides and
proteins that can be made from 20 amino acids, and the variety of amino acid
analysis patterns they would yield.

* Problem 2-5

How many different linear tripeptides can be made from three different r-o-
neutral amino acids(ajusing any of the three amino acids for any position(repeti-
tion allowed), (b) using each amino acid only once in the chain? (c) How many
qualitatively different amino acid analysis patterns containing all three amino
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acids are possible? (d) How many qualitatively unique amino acid analysis
patterns are possible among the total number of possible tripeptides calcu-
lated in a? (e) How many quantitalively unique amino acid analysis patterns
are possible among the total number of possible tripeptides calculated in a?

Solution

(a) There are three possibilities for the first position and, because any of the
three amino acids can be used for any position, there are also three
possibilities for the second position and three possibilities for the third
position. Thus, the total number of tripeptides possible is 3xX3x3=
27. These are shown below calling the three amino acids a, b, and c.

a=2" b=2™ c=2™
a is the aaa aba aca
first amino {aab abb ach
acid aac abc acc
b is the baa bba bca
first amino bab bbb beb
acid bac bbc bee
¢ is the caa cba cca
first amino {cab cbb cch
acid cac cbe cee

In general, the total number of different linear arrangements of n objects
taken in groups of r at a time is given by:

"N:o: = nr . (2)

where any of the n objects can be used as many as v times. Inthiscase,n =3
and r =3. Therefore N =3°=27,

{(b) If each amino acid is used only once in the chain, then there are three
possibilities for the first position, two possibilities for the second position, and
only one possibility for the third position. Thus, the total number of
different tripeptides containing all three amino acids is 3X2x1=6. These
are shown below.

a=first b= first c = first
abc bac cab
acb bca cba

In general, the number of permutations, or ordered arrangements of a set of n
objects taken in groups of r at a time, is given by

Pe=nn-1Dn-~-2)......(n—r+1) (3)
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where n is equal to or greater than r (each of the r objects in a permutation is
different). If all n objects are used:

P, =n! 4

In this problem three amino acids are taken three at a time.

Po=31=3x2X1= 6

(c) Obviously, only one pattern is possible, obtained from any of the six
permutations shown in b. In general however, the number of combinations
of n objects taken in groups of r at a time is given by:

n!

-G :r!(n—-r)! 3

(3)

where n is equal to or greater than r. - (Each of the r objects in a combination
is different.) All six permutations shown in b represent the same combina-
tion. Whenn =3 and r=3:

c—_ 31 __8 _ 3x2x1 |
UTUBI3 -8 (B0 (B3x2x (1)

(Remember, 0! =1.) .

(d) 1If each of the 27 tripeptides shown in part a are hydrolyzed and passed
through an amino acid analyzer, we would observe only seven unique
qualitative composition patterns:

(1) Only a (from aaa)

{2) Only b (from bbb)

(3) Only ¢ (from ccc)

(4) a+b (from aab, aba, abb, baa, bab, and bba)
(5) a +¢ (from aac, aca, acc, caa, cac, and cca)

(6) b +c¢ (from bbe, beb, bee, cbb, cbe, and ccb)

(7) a+b+c (from abe, ach, bac, bea, cab, and cba)

In general, the total number of unique qualitative patterns equals the sum
of all the combinations of n objects taken 1,2, 3, ... up to r at a time, where n
is equal to or greater than r. When n is equal to or less than r (as in this
problem), the total number of unique qualitative patterns is the same as the
total number of combinations of n objects taken in groupsof 1,2, ... upton
at a time:

L= —1 (6)
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With n = 3, Equation 5 used three times (for r =1, 2, and 3) yields 3+3+1=
7. Equation 6 yields 2°~1=8-1=7,

(e) Of the 27 tripeptides shown in a, some yield the same quantitative
patterns. For example, aab, aba, and baa all yield 2 moles of a for every mole
of b, and no ¢. All together there are 10 different quantitative patterns.

Molar Ratio

a: b: ¢

1) 3 0 0
(2) ¢ 3 ¢
3) 0 0 3
“4) 2 1 0
(5) 0 2 1
(6) 2 0 1
) 1 2 0
(8) 1 0 2
9 o 1 2
(10) 1 1 1

In general, the total number of quantitatively different patterns obtained from
n objects taken in groups of r at a time is given by:

(n+r—1
"N,_—j!—({_T)g (7

Forn=8and r=3:

N, =BF3-DI_ B! 5xax3xe o
TTOO313-1) 3121 3xX2X2
Applying Equations 2 to 6 to a linear dodecapeptide {12 amino acids), we

would find that with 20 different amino acids it is possible to construct
4.09 x 10" different linear dodecapeptides, using each amino acid as many as
12 times (Equation 2). Only 6.03 X 10" dodecapeptides can be made if each
amino acid is used once (Equation 3). Among the 6.03 X 10" dodecapeptides,
there are 125,970 unique combinations (Equation 5). The rest represent the
same combinations in a different order. The 4.096x10" different
dodecapeptides yield 9.106 % 10° qualitatively different amino acid analyses
(Equation 5 used 12 times). Quantitatively, 1.41 %X 10° different amino acid
analyses are possible (Equation 6).

PROTEIN CONFORMATION

The four atoms of the peptide bond and the two consecutive a-carbons lie
in a single plane. The H and the O atoms are trans to each other (Fig.
2-1). The peptide bond is rigid, but the planes can rotate about the a-carbon
atoms. The distance between consecutive a-carbon atoms remains



Figure 2-1 The peptide bond isrigid and fixed ina plane. The planes
can rotate about the a-carbons. The rotation is described by the angles

¢ and ¢.

102
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3.6 A. Thus, a fully extended polypeptide chain of 1000amino acid residues is
3600 A long.

The linear polypeptide chain can assume a number of different secondary
structures, depending on' the nature of the R-groups present. One common
structure is called the a-helix (Fig. 2-2). This is a right-handed helix with 3.6
amino acid residues per turn. (A right-handed helix can be visualized by
making a fist with your right hand, with the thumb extended. Your thumb
points in the direction that the helix progresses, while your other fingers
indicate the rotation of the helix. Thus, a right-handed helix progresses
upward while coiling counter-clockwise.) The «-helix has a pitch of
5.4 A. That 18, for each turn, the helix rises 54 A along the axis. The
a-helix is stabilized by intrachain hydrogen bonds between the —C=0 of each
peptide bond and the —NH of the peptide bond four residues away. (If the
H is called atom number 1, the hydrogen-bonded oxygen is the 13th atom
along the chain. Thus, the coil is designated a 3.6:s helix.) The a-helix is
prevented from forming by two or more consecutive residues with like
charges {e.g., lysine, glutamate) or by two or more consecutive residues with
bulky R-groups that branch at the B-carbon (e.g., isoleucine, threonine,
valine). In these cases, the pol)'/peptide chain may assume a random coil
structure. Proline cannot participate in forming an «-helix because the
nitrogen atom is in a rigid ring. Thus, no rotation about the a-carbon is
possible. Also, there are no hydrogen atoms on the nitrogen of a proline
residue, so no intrachain hydrogen bonds can form. Successive serine
residues disrupt the «-helix because of the tendency of the OH groups to
hydrogen bond strongly to water. Stretches of proline and serine coil into
helical arrangements other than an «-helix.

Repeating sequences of amino acids with small, compact R-groups (e.g.,
glycine, alanine) tend to form the B, or pleated sheet, structure, which consists
of parallel (Fig. 2-3a) or antiparallel (Fig. 2-36) polypeptide chains linked by
interchain hydrogen bonds. Silk is an example of the antiparallel sheet.

Most nonfibrous proteins have a very precise and compact three-
dimensional or tertiary structure formed when the a-helix and random coil
of the polypeptide chain bends, twists, and folds over and back upon
itself. The tertiary structure is stabilized by interactions of amino acid
R-groups (Fig. 2-4a), and thus, is dictated by the primary structure. The
biochemical function of a protein is intimately tied to its tertiary struc-
ture. That is, to function in a certain way, a protein must have the correct
tertiary structure. Stated conversely: only one specific tertiary structure
will permit a protein to serve optimally a specific function (see also Figs. 4-3
and 4-4).

Many proteins have still another order of structural complexity—a quater-
nary structure formed by the noncovalent association of tertiary-structured
subunits (Fig. 2-4b). Often, only the quaternary structured protein (dimer,
tetramer, and so on) shows full activity.

« Problem 2-6

(a) Calculate the axial length of an ¢-helix containing 78 amino acids. (b)
How long would the polypeptide chain be if it were fully extended?
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Solution
(a) The a-helix rises 5.4 A for every 3.6 residues (or 1.5 A per residue),

5.4 A - 1.5 A __ length
3.6 residues 1 residue 78 residues

length = (78)(1.5 A)=| 1174

(b) In the fully extended chain, the distance between residues is 3.6 A.

length = (78)(3.6 A)=| 280.8A

* Problem 2-7

The average molecular weight of an amino acid residue is 120. The average
density of a soluble protein is 1.33 g/cm®.  Calculate (a) the specific volume of
an average soluble protein, (b) the weight of a single molecule of a protein
containing 270 amino acids, and (c) the volume occupied by a single molecule
of this protein. (d) Will a molecule of this protein fit completely within a cell
membrane 100 A thick? Assume that the molecule is spherical.

. Solution

(a) Specific volume, 7, is the reciprocal of density (milliliters occupied by
1.0 g of the substance).

- _13 ~| 045mlg

—
o2

(b) MW = (270)(120) = 32,400

1 mole weighs 32,400 g. One mole contains 6.023 x 10 molecules.
Therefore, the weight of a single molecule is given by:

MW _ 324x10° _

N “gosxioc | 538X 107 g/molecule

\Vtgfmn lecute =

Figure 2-2 Three representations of the a-helix. The helix rises
1.5 A per residue and completes a turn every 3.6 residues to yield a
pitch of 54 A, Whe