
Introduction:  Water and Buffers

Water everywhere
When it comes to water, we’re literally drown-
ing in it, as water is by far the most abun-
dant component of every cell.  To 
understand life, we begin the dis-
cussion with the basics of water, 
because everything that happens 
in cells, even reactions buried deep 
inside enzymes, away from water, is influ-
enced by water’s chemistry.  

The water molecule has wide ‘V’ shape (the H-
O-H angle is 104°) with uneven sharing of elec-
trons between the oxygen and the hydrogen 

atoms (Figure 1.23).  Oxygen, with 
its higher electronegativity, 
holds electrons closer to itself 
than the hydrogens do.  The hy-

drogens, as a result, are described as 
having a partial positive charge (typically des-

ignated as δ+) and the oxygen has a partial 
negative charge (written as δ-).  Thus, water is 
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a polar molecule because charges are distrib-
uted around it unevenly, not symmetrically.  

Water as a solvent
Water (Figure 1.23) is described as a 
solvent because of its ability to solvate 
(dissolve) many, but not all, molecules.  
Molecules that are ionic or polar dissolve 
readily in water, but non-polar substances 
dissolve poorly in water, if at all.  Oil, for 
example, which is non-polar, separates from 

water when mixed with it.  On the other 
hand, sodium chloride, which ionizes, 
and ethanol, which is polar, are able to 
form hydrogen bonds, so both dissolve 
in water.  Ethanol’s solubility in water is 
crucial for brewers, winemakers, and 
distillers – but for this property, there 
would be no wine, beer or spirits. As 
explained in an earlier section, we use the 
term hydrophilic to describe substances 
that interact well with water and dissolve 
in it and the term hydrophobic to refer 
to materials that are non-polar and do not 

dissolve in water.  Table 1.3 illustrates some 
polar and non-polar substances.  A third term, 
amphiphilic, refers to compounds that have 
both properties.  Soaps, for example are 
amphiphilic, containing a long, non-polar 
aliphatic tail and a head that ionizes. 

Solubility
The solubility of materials in water is based in 
free energy changes, as measured by ΔG.  Re-

34

Figure 1.23 - Arrangement of atoms in water
Image by Aleia Kim

Image by Aleia Kim

Table 1.3  



member, from chemistry, that H is the en-
thalpy (heat at constant pressure) and S is 
entropy.  Given this,

ΔG =  ΔH - TΔS,

where T is the temperature in Kelvin.  For a 
process to be favorable, the ΔG for it must be 
less than zero.  

From the equation, 
lowered ΔG values will 
be favored with 
decreases in enthalpy 
and/or increases in 
entropy.  Let us first 
consider why non-polar 
materials do not 
dissolve in water.  We 
could imagine a 
situation where the 
process of dissolving 
involves the 
“surrounding” of each 
molecule of the non-
polar solute in water, 
just like each sodium 
and each chloride ion 

gets surrounded by water molecules as salt 
dissolves.  

Water organization
There is a significant difference, though be-
tween surrounding a non-polar molecule 
with water molecules and surrounding ions 
(or polar compounds) with water molecules.  
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Figure 1.24 - Structure of a Soap

Figure 1.25 - Structures formed by amphiphilic substances in 
water.

Image by Aleia Kim



The difference is 
that since non-polar 
molecules don’t 
really interact with 
water, the water be-
haves very differ-
ently than it does 
with ions or mole-
cules that form hy-
drogen bonds.  In 
fact, around each 
non-polar molecule, 
water gets very or-
ganized, aligning it-
self regularly.  As 
any freshman chemistry student probably re-
members, entropy is a measure of disorder, 
so when something becomes ordered, entropy 
decreases, meaning the ΔS is negative, so the 
TΔS term in the equation is positive (negative 
of a negative).  

Since mixing a non-polar substance with wa-
ter doesn’t generally have any significant heat 
component, the ΔG is positive.  This means, 
then, that dissolving a non-polar compound 
in water is not favorable and does not occur to 
any significant extent.  Further, when the 
non-polar material associates with itself and 
not water, then the water molecules are free 
to mix, without being ordered, resulting in an 
increase of entropy.  Entropy therefore 
drives the separation of non-polar substances 

from aqueous solu-
tions.

Amphiphilic 
substances
Next, we consider 
mixing of an 
amphiphilic 
substance, such as a 
soap, with water 
(Figure 1.24).  The 
sodium ions 
attached to the fatty 
acids in soap readily 
come off in aqueous 

solution, leaving behind a negatively charged 
molecule at one end and a non-polar region at 
the other end.  The ionization of the soap 
causes in an increase in entropy - two 
particles instead of one.  The non-polar 
portion of the negatively charged soap ion is 
problematic - if exposed to water, it will cause 
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Figure 1.27 - Vinegar (black) and oil (yellow) 
A mix of polar and nonpolar compounds

Wikipedia

Figure 1.26 - A phospholipid - an 
amphiphilic substance



water to organize and result in a decrease of 
entropy and a positive ΔG.  

Since we know fatty acids dissolve in water, 
there must be something else at play.  There 
is.  Just like the non-polar molecules in the 
first example associated with each other and 
not water, so too do the non-polar portions of 
the soap ions associate with each other and 
exclude water.  The result is that the soap ions 
arrange themselves as micelles (Figure 1.25) 
with the non-polar portions on the interior of 
the structure away from water and the polar 

portions on the outside 
interacting with water.

The interaction of the polar 
heads with water returns the 
water to its more disordered 
state. This increase in disorder, 
or entropy, drives the forma-
tion of micelles.  As will be seen 
in the discussion of the lipid bi-
layer, the same forces drive 
glycerophospholipids and 
sphingolipids to spontane-
ously form bilayers where the 
non-polar portions of the mole-
cules interact with each other 
to exclude water and the polar 
portions arrange themselves on 
the outsides of the bilayer (Fig-
ure 1.28).  
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Figure 1.28 - Environment of a lipid bilayer.  Water is 
concentrated away from the hydrophobic center, 
being saturated on the outside, semi-saturated near 
the head-tail junction and fully dehydrated in the 
middle.

Image by Aleia Kim

Figure 1.29 - Protein folding arranges 
hydrophobic amino acids (black dots) 
inside the protein



Yet another example is seen in the folding of 
globular proteins in the cytoplasm.  Non-
polar amino acids are found in the interior 
portion of the protein (water excluded).  In-
teraction of the non-polar amino acids turns 
out to be a driving force for the folding of 
proteins as they are being made in an aque-
ous solution.

Hydrogen bonds
The importance of hydrogen bonds in bio-
chemistry (Figure 1.30) is hard to over-
state.  Linus Pauling himself said, 

“ . . . . I believe that as the methods of struc-
tural chemistry are further applied to 
physiological problems it will be found that 
the significance of the hydrogen bond for 
physiology is greater than that of any other 
single structural feature.”  

In 2011, an IUPAC task group gave an 
evidence-based definition of hydrogen 
bonding that states, 
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Figure 1.31 - Hydrogen bonds between 
water molecules

Image by Pehr Jacobson

Figure 1.30 - Common hydrogen bonds in biochemistry
Image by Aleia Kim



“The hydrogen bond is an attractive interac-
tion between a hydrogen atom from a mole-
cule or a molecular fragment X–H 
in which X is more electronega-
tive than H, and an atom or a 
group of atoms in the same or a 
different molecule, in which there is 
evidence of bond formation.”  

Partial charges
The difference in electronegativity between 
hydrogen and the molecule to which it is 
covalently bound give rise to partial charges 
as described above.  These tiny charges (δ+ 
and δ-) result in formation of hydrogen bonds, 

which occur when 
the partial positive 
charge of a 
hydrogen atom is 
attracted to the 
partial negative of 
another molecule.  
In water, that 
means the hydrogen 
of one water 
molecule is 
attracted to the 
oxygen of another 
(Figure 1.31).  
Since water is an 
asymmetrical 
molecule, it means 
also that the 
charges are 

asymmetrical.  Such an uneven distribution is 
what makes a dipole.  Dipolar molecules are 

important for interactions with other 
dipolar molecules and for 
dissolving ionic substances 
(Figure 1.32).

Hydrogen bonds are not exclusive to 
water.  In fact, they are important forces hold-
ing together macromolecules that include pro-
teins and nucleic acids.  Hydrogen bonds 
occur within and between macromolecules.  

The complementary pairing that occurs 
between bases in opposite strands of DNA, 
for example, is based on hydrogen bonds.  
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Figure 1.32 - Example dipole interactions in biochemistry
Image by Aleia Kim
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Each hydrogen bond is relatively weak (com-
pared to a covalent bond, for example - Table 
1.4), but collectively they can be quite strong.  

Benefits of weak interactions
Their weakness, however, is actually quite 
beneficial for cells, particularly as regards nu-
cleic acids (Figure 1.33).  The strands of 
DNA, for example, must be sepa-
rated over short stretches in the 
processes of replication and the 
synthesis of RNA.  Since only a 
few base pairs at a time need to 
be separated, the energy required 
to do this is small and the enzymes 
involved in the processes can read-
ily take them apart, as needed.  Hy-
drogen bonds also play roles in 
binding of substrates to enzymes, 
catalysis, and protein-protein in-
teraction, as well as other kinds of 
binding, such as protein-DNA, or 

antibody-antigen.  

As noted, hydrogen bonds are weaker than 
covalent bonds (Table 1.4) and their strength 
varies from very weak (1-2 kJ/mol) to fairly 
strong (29 kJ/mol).  Hydrogen bonds only 
occur over relatively short distances (2.2 to 
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Table 1.4

Figure 1.33 - Hydrogen bonds in a base pair of 
DNA

Image by Aleia Kim



4.0 Å).  The farther apart the hydrogen bond 
distance is, the weaker the bond is.  

The strength of the bond in kJ/mol represents 
the amount of heat that must be put into the 
system to break the bond - the larger the 
number, the greater the strength of the bond.  
Hydrogen bonds are readily broken using 
heat.  The boiling of water, for example, 
requires breaking of H-bonds.  When a 
biological structure, such as a protein or a 

DNA molecule, is stabilized by hydrogen 
bonds, breaking those bonds destabilizes the 
structure and can result in denaturation of 
the substance - loss of structure.  It is partly 
for this reason that most proteins and all 
DNAs lose their native, or folded, structures 
when heated to boiling.  

For DNA molecules, denaturation results in 
complete separation of the strands from each 
other.  For most proteins, this means loss of 
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their characteristic three-dimensional 
structure and with it, loss of the function they 
performed.  Though a few proteins can readily 
reassume their original structure when the 
solution they are in is cooled, most can’t.  This 
is one of the reasons that we cook our food. 
Proteins are essential for life, so 
denaturation of bacterial proteins 
results in death of any 
microorganisms contaminating 
the food.

The importance of buffers
Water can ionize to a slight extent (10-7 M) to 
form H+ (proton) and OH- (hydroxide).  
We measure the proton concentration of a so-
lution with pH, which is the negative log of 
the proton concentration.  

pH = -Log[H+]

If the proton concentration, [H+]= 10-7 M, 
then the pH is 7. We could just as easily meas-
ure the hydroxide concentration with the 
pOH by the parallel equation,

pOH = -Log[OH-]

In pure water, dissociation of a proton si-
multaneously creates a hydroxide, so the 
pOH of pure water is 7, as well. This also 
means that 

pH + pOH = 14

Now, because protons and hydroxides can 
combine to form water, a large amount of one 
will cause there to be a small amount of the 
other. Why is this the case?  In simple terms, 
if I dump 0.1 moles of H+ into a pure water so-
lution, the high proton concentration will re-

act with the relatively small amount 
of hydroxides to create water, 
thus reducing hydroxide concen-
tration.  Similarly, if I dump ex-

cess hydroxide (as NaOH, for exam-
ple) into pure water, the proton concentration 
falls for the same reason.    

Acids vs bases
Chemists use the term “acid” to refer to a sub-
stance which has protons that can dissociate 
(come off) when dissolved in water.  They use 
the term “base” to refer to a substance that 
can absorb protons when dissolved in water.  
Both acids and bases come in strong and weak 
forms. (Examples of weak acids are shown in 
Table 1.5.) 

Strong acids, such as HCl, dissociate com-
pletely in water.  If we add 0.1 moles 
(6.02x1022 molecules) of HCl to a solution to 
make a liter, it will have 0.1 moles of H+ and 
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So my cells don’t get proton distressed
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0.1 moles of Cl- or 6.02x1022 mole-
cules of each .  There will be no re-
maining HCl when this happens.  A 
strong base like NaOH also dissoci-
ates completely into Na+ and OH-.  

Weak acids
Weak acids and bases differ from 
their strong counterparts.  When 
you put one mole of acetic acid 
(HAc) into pure water, only a tiny 
percentage of the HAc molecules 
dissociate into H+ and Ac-. Clearly, 

weak acids are very different from strong ac-
ids.  Weak bases behave similarly, except that 
they accept protons, rather than donate them.  
Since we can view everything as a form of a 
weak acid, we will not use the term weak base 
here.

You may wonder why we care about weak ac-
ids. You may never have thought much of 
weak acids when you were in General Chemis-
try.  Your instructor described them as buff-
ers and you probably dutifully memorized the 
fact that “buffers are substances that resist 
change in pH” without really learning what 
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Figure 1.34 - Dissociation of a 
weak acid

Image by Aleia Kim

Clearing Confusion - Students are 
often puzzled and expect that 

[H+] = [A-] 

because the dissociation equation shows 
one of each from HA.  This is, in fact, true 
ONLY when HA is allowed to dissociate in 
pure water.  Usually the HA is placed into 
solution that has protons and hydroxides 
to affect things.  Those protons and /or 
hydroxides change the H+ and A- 
concentration unequally, since A- can 
absorb some of the protons and/or HA 
can release H+ when influenced by the 
OH- in the solution.  Therefore, one must 
calculate the proton concentration from 
the pH using the Henderson Hasselbalch 
equation.

pH = pKa + log ([Ac-]/[HAc])

Image by Aleia Kim

Table 1.6



this meant.  Buffers are much too important 
to be thought of in this way.

UPS
Weak acids are critical for life because their 
affinity for protons causes them to behave 
like a UPS.  We’re not referring to the UPS 
that is the United Parcel Service®, but in-
stead, to the encased battery backup systems 
for computers called Uninterruptible Power 
Supplies that kick on to keep a computer run-
ning during a power failure.  The battery in a 
laptop computer is a UPS, for example.  

We can think of weak acids as Uninterruptible 
Proton Suppliers within certain pH ranges, 

providing (or absorbing) protons as needed. 
Weak acids thus help to keep the H+ concen-
tration (and thus the pH) of the solution they 
are in relatively constant.

Consider the bicarbonate/carbonic acid sys-
tem.  Figure 1.35 shows what happens when 
H2CO3 dissociates.  Adding hydroxide ions 
(by adding a strong base like NaOH) to the so-

lution causes the H+ 
ions to react with 
OH- ions to make 
water.  Conse-
quently, the concen-
tration of H+ ions 
would go down and 
the pH would go 
up.  

However, in con-
trast to the situa-
tion with a solution 
of pure water, there 
is a backup source 
of H+ available in 
the form of H2CO3.  
Here is where the 
UPS function kicks 
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Figure 1.35 - Titration curve for carbonic acid
Image by Aleia Kim

On this chemical fact we must dwell
H-A-C’s just not like H-C-L

It always negotiates
Before it dissociates

To bid every proton farewell



in.  As protons are 
taken away by the 
added hydroxyl ions 
(making water), they 
are partly replaced 
by protons from the 
H2CO3.  This is why 
a weak acid is a 
buffer.  It resists 
changes in pH by re-
leasing protons to compensate for those “used 
up” in reacting with the hydroxyl ions.  

Henderson-Hasselbalch
It is useful to be able to predict the response 
of the H2CO3 system to changes in H+ concen-
tration.  The Henderson-Hasselbalch 
equation defines the relationship between pH 
and the ratio of HCO3- and H2CO3.  
It is 

pH = pKa + log ([HCO3-]/
[H2CO3])

This simple equation defines the relationship 
between the pH of a solution and the ratio of 
HCO3- and H2CO3 in it.  The new term, called 
the pKa, is defined as 

pKa = -Log Ka, 

just as 

pH = -Log [H+].

The Ka is the acid dis-
sociation constant 
and is a measure of 
the strength of an 
acid.  For a general 
acid, HA, which dis-
sociates as 

HA ⇄ H+ + A-, 

Ka = [H+][A-]/[HA]

Thus, the stronger the acid, the more protons 
that will dissociate from it when added to wa-
ter and the larger the value its Ka will have.  
Large values of Ka translate to lower values of 
pKa.  As a result, the lower the pKa value is 
for a given acid, the stronger the weak acid is.  

Constant pKa
Please note that pKa is a constant 
for a given acid.  The pKa for car-

bonic acid is 6.37.  By compari-
son, the pKa for formic acid is 3.75.  

Formic acid is therefore a stronger acid than 
acetic acid.  A stronger acid will have more 
protons dissociated at a given pH than a 
weaker acid.  

Now, how does this translate into stabilizing 
pH?  Figure 1.35 shows a titration curve.  
In this curve, the titration begins with the con-
ditions at the lower left (very low pH).  At this 
pH, the H2CO3 form predominates, but as 
more and more OH- is added (moving to the 
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right), the pH goes up, the amount of HCO3- 

goes up and (correspondingly), the amount of 
H2CO3 goes down.  Notice that the curve “flat-
tens” near the pKa (6.37).  

Buffering region
Flattening of the curve tells us is that the pH 
is not changing much (not going up as fast) as 
it did earlier when the same amount of hy-
droxide was added.  The system is resisting a 
change in pH (not stopping the change, but 
slowing it) in the region of about one pH unit 
above and one pH unit below the pKa.  Thus, 
the buffering region of the carbonic acid/
bicarbonate buffer is from about 5.37 to 7.37.  
It is maximally strong at a pH of 6.37.

Now it starts to become apparent how the 
buffer works.  HA can donate protons when 
extras are needed (such as when OH- is added 
to the solution by the addition of NaOH).  
Similarly, A- can accept protons when extra 
H+ are added to the solution (adding HCl, for 
example).  The maximum ability to donate or 
accept protons comes when 

[A-] = [HA]

This is consistent with the Henderson Has-
selbalch equation and the titration curve.  
When [A-] = [HA], pH = 6.37 + Log(1).  Since 
Log(1) = 0, pH = 6.37 = pKa for carbonic acid.  
Thus for any buffer, the buffer will have maxi-
mum strength and display flattening of its ti-
tration curve when [A-] = [HA] and when pH 

= pKa.  If a buffer has more than one pKa (Fig-
ure 1.36), then each pKa region will display 
the behavior.

Buffered vs non-buffered
To understand how well a buffer protects 
against changes in pH, consider the effect of 
adding .01 moles of HCl to 1.0 liter of pure wa-
ter (no volume change) at pH 7, compared to 
adding it to 1.0 liter of a 1M acetate buffer at 
pH 4.76.  Since HCl completely dissociates, in 
0.01M (10-2 M)  HCl you will have 0.01M H+.  
For the pure water, the pH drops from 7.0 
down to 2.0 (pH = -log(0.01M)).  

By contrast, the acetate buffer’s pH after add-
ing the same amount of HCl is 4.74.  Thus, the 
pure water solution sees its pH fall from 7 to 2 
(5 pH units), whereas the buffered solution 
saw its pH drop from 4.76 to 4.74 (0.02 pH 
units).  Clearly, the buffer minimizes the im-
pact of the added protons compared to the 
pure water.

Buffer capacity
It is important to note that buffers have ca-
pacities limited by their concentration.  Let’s 
imagine that in the previous paragraph, we 
had added the 0.01 moles HCl to an acetate 
buffer that had a concentration of 0.01M and 
equal amounts of Ac- and HAc.  When we try 
to do the math in parallel to the previous cal-
culation, we see that there are 0.01M protons, 
but only 0.005M A- to absorb them.  We could 
imagine that 0.005M of the protons would be 
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absorbed, but that would still leave 0.005M of 
protons unbuffered.  Thus, the pH of this solu-
tion would be approximately

pH = -log(0.005M) = 2.30

Exceeding buffer capacity dropped the pH 
significantly compared to adding the same 
amount of protons to a 1M acetate buffer.  
Consequently, when considering buffers, it is 
important to recognize that their concentra-
tion sets their limits.  Another limit is the pH 

range in which one hopes to control proton 
concentration.  

Multiple ionizable groups
Now, what happens if a molecule has two (or 
more) ionizable groups?  It turns out, not sur-
prisingly, that each group will have its own 
pKa and, as a consequence, will have multiple 
regions of buffering.  

Figure 1.36 shows the titration curve for 
the amino acid aspartic acid.  Note that in-
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Figure 1.36 - Titration of an acidic amino acid
Image by Aleia Kim



stead of a single flattening of the curve, as was 
seen for acetic acid, aspartic acid’s titration 
curve displays three such regions.  These are 
individual buffering regions, each centered on 
the respective pKa values for the carboxyl 
group and the amine group.

Aspartic acid has four possible charges:  +1 
(α-carboxyl group, α-amino group, and R-
group carboxyl each has a proton), 0 (α-
carboxyl group missing proton, α- amino 
group has a proton, R-group carboxyl has a 
proton), -1 (α-carboxyl group and R-group car-
boxyl each lack a proton, α-amino group re-
tains a proton), -2 (α-carboxyl, R-group car-
boxyl, and α-amino groups all lack extra pro-
ton).

Prediction
How does one predict the charge for an amino 
acid at a given pH?  A good rule of thumb for 
estimating charge is that if the pH is more 
than one unit below the pKa for a group (car-
boxyl or amino), the proton is on.  If the pH is 
more than one unit above the pKa for the 
group, the proton is off.  If the pH is NOT 
more than one or less than one pH unit from 
the pKa, this simple assumption will not work.  

Further, it is important to recognize that these 
rules of thumb are estimates only.  The pI (pH 
at which the charge of a molecule is zero) is an 
exact value calculated as the average of the 
two pKa values on either side of the zero re-
gion.  It is calculated at the average of the two 

pKa values around the point where the charge 
of the molecule is zero.  For aspartic acid, this 
corresponds to pKa1 and pKa2.
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Kevin Ahern’s free downloads HERE
OSU’s Biochemistry/Biophysics program HERE

OSU’s College of Science HERE
Oregon State University HERE

Email Kevin Ahern / Indira Rajagopal / Taralyn Tan
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Henderson Hasselbalch
You put my brain in shock

Oh woe is me
The pKa’s can make
Me lie in bed awake

They give me really bad headaches
Oh hear my plea

 
Salt - acid RA-ti-os

Help keep the pH froze
By buf-fer-ING

They show tenacity
Complete audacity

If used within capacity
To maintain things

I know when H’s fly
A buffer will defy

Them actively
Those protons cannot waltz

When they get bound to salts
With this the change in pH halts

All praise to thee
 

Thus now that I’ve addressed
This topic for the test

I’ve got know-how
The pH I can say
Equals the pKa

In sum with log of S o’er A
I know it now

Henderson Hasselbalch
To the tune of "My Country 'Tis of Thee

Metabolic Melodies Website HERE

Recorded by David Simmons
Lyrics by Kevin Ahern and Indira Rajagopal
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Ode to Bicarbonate
To the tune of "Song Sung Blue"

Metabolic Melodies Website HERE

H-2-O
Ionizes slowly

You should know
Its behavior wholly

 
It presides  - in cells’ insides - a solvent great

But mix it with an oil and shake it up
You’ll see ‘em separate

See ‘em separate
 

C-O-2
Made in oxidation

Inside you
Decarboxylation

 
So divine – when it combines up with the H-2-Os

Bonding together makes bicarbonates
To ease the pH woes

 
Bicarbonate – can conjugate and take protons out

Restoring a balance inside of the blood
Of this there is no doubt

 
Thus it’s so

Thanks to bicarb buffer
In blood flow

You don’t have to suffer
 

Bicarbonate – will conjugate to take the protons out
Restoring a balance inside of the blood

Of this there is no doubt
 

Protons stow
In the bicarb buffer

Never grow

Recorded by David Simmons
Lyrics by Kevin Ahern 
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