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Energia Livre

• A vida é possível porque uma rede complexa 
de reações químicas que interagem entre si 
ocorre em cada célula.
• Enzimas podem catalisar apenas as reações 
termodinamicamente possíveis.
• A diferença total de energia livre durante 
um grupo de reações químicas determina se 
uma sequência de reações ocorrem.  



Lei Zero da Termodinâmica

TA TB

TC

Se:

Então:

TA = TC

TB = TC

TA = TB

e:



Primeira Lei da Termodinâmica

• Conservação: Energia pode ser alterada de 
uma forma para outra, mas em todas as 
transformações nenhuma energia é criada ou 
destruída.
• Lei empírica na natureza, não pode ser 
provada a partir de princípios básicos. Até os 
dias de hoje, nunca foi violada. 



• Da mesma forma que calor q, energia interna 
U e trabalho w é medido em Joules ou calorias
• U é a energia armazenada dentro de um 
sistema, energias que podem ser modificada 
por um processo químico (translacional, 
rotacional, vibracional, ligação e energias não 
ligantes). Aqui, retiramos energia nuclear etc.

Energia Interna, U

J =
kg ·m2

s2
= N ·m2 = Pa ·m3 = W · s



Energia Interna, U
• A energia livre define a energia de uma 
substância na ausência de efeitos externos.
• U é uma propriedade extensiva da substância, 
depende de seu tamanho.
• U é uma quantidade termodinâmica chamada 
função de estado. U pode ser representado 
por uma função matemática e depende apenas 
do estado do sistema(temperatura, pressão ...)
• U não é medido diretamente, apenas suas 
mudanças (independente do caminho):  

�U = U2 � U1



Trabalho, w

• Trabalho se assemelha a calor: quando calor é 
adicionado ao sistema: 
• Quando trabalho é realizado sobre o sistema, 
por exemplo comprimindo o volume de um 
gás: 
• Ambos, q e w são formas de energia 
transferida através das fronteiras do sistema.
• diferentemente de U,  q e w são funções do 
caminho.

�U > 0

�U > 0



Trabalho, w

Para uma força 
constante:

Usando a definição 
de pressão:

w =
~F
A (A~d) = P�V

w = ~F · ~d

ou

w =

Z V2

V1

PdV

Trabalho é realizado 
sobre o sistema

O Sistema realiza trabalho 
quando o mesmo empurra 

a vizinhança



Trabalho, w
Energia térmica de uma coleção de objetos é 

proporcional a temperatura absoluta T.

Em um sistema fechado, a cada unidade de 
tempo, partícula colidem na parede (pressão P)

Mantendo o mesmo volume V e aumentando o 
número de partículas n, mais partículas colidem

P = nR
T

V



Trabalho, w

O momentum de uma partícula:

Ek =
1

2
mv2 =

p2

2m

No equilíbrio térmico: Ek / T

p2

m
/ T

p / (Tm)1/2

Em uma mistura de gases, moléculas pesadas 
possuem um momento médio maior

~p = m~v



Trabalho, w

system of inputs and outputs resembles the situation in panel (A),
but in panel (B) everything is at the same temperature. An organism is
an isothermal system. Figure 2.4C shows how the heat energy of a
candle can be used to do work. A rubber band dangles from a hori-
zontal support, and attached to the rubber band is a weight (a mass
accelerating under the force of gravity).When heat from the candle is
absorbed by the molecules of the rubber band, the rubber band
contracts. The attached weight is translated a distance1x against the
opposing force of gravity, and workw is done. Some of the heat of the
candle will of course be lost to the surrounding air (this heat engine is
rather inefficient), and only if adequate care is taken will the rubber
not melt before our eyes, leaving no engine at all! Bearing all this in
mind, let’s take a closer look at how the First Law works.

D. The First Law in operation

By convention, the internal energy of a system will increase either by
transferring heat to it or by doing work on it (Table 2.1). Knowing
this, we can express the First Law of Thermodynamics as follows:

1U ¼ qþ w: ð2:1Þ

Note that, in keeping with our earlier comments on measuring
energy, the First Law defines only changes in 1U. The conceptual
background to Eqn. (2.1) was formulated in 1847 by the eminent
German physicist and physiologist Hermann Ludwig Ferdinand von
Helmholtz (1821–1894).8 The idea of energy conservation had been

Fig. 2.4 Heat transfer. (A) Heat is

transferred from a source (a warm

body) to a sink (a cold body). Some

of this heat can be used to do work,

but certainly not all of it (Chapter 3).

(B) Schematic representation of

energy transformations within the

body. The energy “input” is food.

There are several “outputs.” Aside

from heat and work, which are

mentioned explicitly in the First Law,

there is excretion and change in

body weight. In general, (food

intake) – (waste excreted)¼ (change

in body weight)þ (heat)þ (work),

according to the First Law of

Thermodynamics. (C) A very simple

heat engine. The rubber band

contracts when heated, lifting a

weight. Because the weight is

translated against the force of

gravity, work is done. Thus, some

portion of the heat is turned into

work. The efficiency of this

engine is low! Panel (C) is based on

Fig. 44–1 of Feynman et al. (1963).

8 See Ueber die Erhalting der Kraft (Berlin: Reimer, 1847). Helmholtz was son of a
teacher of philosophy and literature at the Potsdam Gymnasium, a top-grade
secondary school; his mother was descended fromWilliam Penn, a Quaker who
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Parte do 
calor realiza 

trabalho



Trabalho, w

“A agitação térmica 
das moléculas nas 
laterais das cadeias 

das fibras de borracha 
tendem a deformar as 
cadeias tornando-as 

mais curtas” 
Feynman Lectures on 

Physics 



Primeira Lei !!!

�U = q + w

proposed in 1842 by the German physiologist Julius Robert von
Mayer (1814–1878).9 It is interesting that a physiologist played such
an important role in establishing one of the most important
concepts of thermodynamics. When a system does work on its
surroundings, w makes a negative contribution to 1U because the
system loses energy. Similarly, if heat is lost from the system, q
makes a negative contribution to 1U. In other words, 1U measures
the net amount of energy change in the system; it is the difference
between the energy gained from the surroundings and the energy
lost to the surroundings.

Let’s look at some examples of Eqn. (2.1) in action. James Prescott
Joule (1818–1889), son of a brewer in Manchester, England, is
famous for his studies on the conservation of thermal energy
understood as the mechanical equivalent of heat (1843). Perhaps the
best-known experiment Joule did was to monitor the temperature of
a vat of water during stirring. In this experiment, increases in water

Table 2.1. Sign conventions for heat and work

Heat is transferred to the system q > 0
Heat is transferred to the surroundings q < 0
The system expands against an external pressure w < 0
The system is compressed because of an external
pressure

w > 0

was expelled from Oxford University for refusing to conform to Anglicanism
and who later founded the American Commonwealth of Pennsylvania.
Helmholtz’s earned degree was in medicine; he would eventually receive an
honorary doctorate in physics. Music and painting played a large part in his
science. The present author, who was a Ph.D. student at Johns Hopkins
University and a post-doctoral research fellow at University of Oxford, is
connected to Helmholtz in various ways. Helmholtz’s student Otto Richard
Lummer (1860–1925) was awarded the doctorate in physics at the Humboldt
University of Berlin. And Lummer was thesis adviser of George Ernest Gibson, a
Scot, at University of Breslau, who was the adviser of Henry Eyring (see Chapter
8) in the Department of Chemistry at University of California at Berkeley, who
was adviser of I in the Department of Chemistry at University of Utah, who was
thesis adviser of J in the Department of Chemistry at University of Minnesota,
who was thesis adviser of K in the Department of Pharmacology at University of
Virginia, who was thesis adviser of the author. Johns Hopkins University was
founded in 1876 by a wealthy Quaker merchant on the German model, which
emphasized specialized training and research. The person who advised
Helmholtz’s medical thesis was Johannes Peter Müller, son of a shoemaker.
Müller’s academic degree was in medicine. His Handbuch der Physiologie des
Menschen für Vorlesungen was recognized throughout the world, and it
established a positive interchange between physiology and hospital practice
in Germany, stimulated further basic research, and became a starting point for
the mechanistic concept of life processes.

9 The conservation of mechanical energy (kinetic energyþpotential energy¼
constant) had in fact been proposed much earlier, by the German philosopher
and mathematician Gottfried Wilhelm Leibniz (1646–1716), son of a professor
of moral philosophy, and was an accepted principle of mechanics. Mayer’s
more general statement stemmed, curiously, from an analysis of the color of
blood – a key means of distributing food energy throughout the body.
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Se um sistema realiza trabalho w na sua 
vizinhança, faz uma contribuição negativa a ΔU



Energia de Gibbs (Energia Disponível)
• Energia de Gibbs é um potencial termodinâmico 
que quantifica a possibilidade útil de trabalho de um 
sistema termodinâmico a temperatura e pressão 
constante.  Similar ao potencial mecânico realizar 
trabalho.
• A energia livre de Gibbs é a quantidade máxima de 
trabalho não-expansão, que pode ser extraído a 
partir de um sistema fechado, o máximo só pode 
ser alcançado num processo completamente 
reversível.
• Energia de Gibbs é também o potencial químico 
que é minimizada quando o sistema atinja o 
equilíbrio a temperatura e pressão constante.



Entalpia, H

• H é um dos componentes da Energia Livre de 
Gibbs (ou Entalpia livre).
• A entalpia é o calor absorvido por um sistema a 
uma pressão constante. Vamos supor que 
estamos trabalhando sob pressão constante:

q|p = �U � w

Quando a pressão é constante e o sistema 
expande do estado 1 para o estado 2:

q|p = U2 � U1 + p (V2 � V1)

w = �p
ext

�V



Entalpia, H

A quantidade a direita é a quantidade de calor que 
foi trocada a pressão constante, é uma função de 
estado chamado de entalpia:

q|p = U2 � U1 + p(V2 � V1)

= (U2 + pV2)� (U1 + pV1)

= �U + p�V

H = U + pV

Apesar de w depender do caminho w = �p
ext

�V

U, p e V separadamente são funções de estado



Entalpia, H
• A entalpia pode ser considerada como a 
quantidade de energia em um sistema 
termodinâmico para a transferência entre si e para 
o ambiente.
• Numa transição de fase, a mudança da entalpia é 
igual ao calor latente de fusão por exemplo. 
• Quando a entalpia varia muito lentamente

�H = �(U + pV )

= �U +�(pV )

= �U + p�V + V�p



Entalpia, H

Se p é constante

�H = �U + p�V + V (�p = 0)

= (�U = q + w) + p�V

= q|p + (w = �p�V ) + p�V

= q|p
H é um componente da função de estado energia livre 
de Gibbs, G, no qual se prevê a direção de alteração 

espontânea por um processo a pressão e temperatura 
constante - as restrições experimentais preferidas do 

cientista biológica.



Entalpia, H

Se em um processo termodinâmico
�V ⇡ 0

�U ⇡ q|p ⇡ �H

(reação em solução em que gás não é 
produzido nem consumido), então

Exemplo: H = U + pV

�H = �U +�(pV )

= �U +�(nRT )

= �U +RT�n T constante

Numero de mols de gás 
que mudaram na reação



Entalpia, H

R, é uma constante universal, 8.3145 J/K mol

Note that p and V are assumed to vary independently. If the external
pressure is constant, 1p¼0 and the last term vanishes. Substituting
in Eqn. (2.1) and requiring pV-work only gives

1H ¼ qp " p1V þ p1V: ð2:9Þ

The last two terms on the right-hand side cancel, and we are left with

1H ¼ qp: ð2:10Þ

Just as we said, the heat transferred to a system at constant pressure
measures the change in the enthalpy of the system.Why the emphasis
on heat transfer at constant pressure in a book on biological thermo-
dynamics? Most of the reactions biochemists study are carried out at
constant pressure (usually 1 atm), and aswe shall see in Chapter 4,H is
a component of a state function known as the Gibbs free energy, G,
which predicts the direction of spontaneous change for a process at
constant pressure and temperature, the biological scientist’s favorite
experimental constraints.

How can we understand the difference between 1H and 1U?
Equations presented above make them out to be quite different, but
the discussion about them sounds quite similar. In fact, the differ-
ence between 1H and 1U is often small enough to be neglected, but
not always. If a reaction occurs in solution, and gas is neither
produced nor consumed, 1V & 0. Under such circumstances 1U &
qp, as we can see from Eqn. (2.5), and so 1U & 1H. An example will
help to illustrate that as a general rule it is a mistake not to take
account of differences when there are reasons to suspect they might
be significant. From Eqn. (2.7),

1H ¼ 1U þ1ðpVÞ: ð2:11Þ

The ideal gas law is pV¼ nRT, so assuming that the gas involved in
our experiment can be modeled as an ideal gas, Eqn. (2.11) can be
written as

1H ¼ 1U þ1ðnRTÞ: ð2:12Þ

If we now require constant temperature, 1(nRT)¼ RT(1n), where 1n
represents the change in the number of moles of gas in the reaction;
R, the universal gas constant, is 8.3145 J K"1 mol"1 in SI units
(1.9872 cal K"1 mol"1 is also still in use); and T is the absolute
temperature.

To illustrate, let’s express the combustion of ethanol as:

C2H5OHð1Þ þ 3O2ðgÞ ! 2CO2ðgÞ þ 3H2Oð1Þ: ð2:13Þ

From a bomb calorimetry experiment at 298K and constant volume,
1368kJ mol"1 of heat are released in the reaction. Now, 1n¼ 2 "
3¼"1. Therefore, by Eqn. (2.12), 1H(298K)¼1U(298K)"RT¼
"1 368000 J mol"1" 2480 J mol"1¼"1370kJ mol"1. This is a small
difference between 1H and 1U – less than 1%, i.e. 1H is approxi-
mately equal to 1U for beer, wine, and other such beverages – but
it is a difference. We learn from this example that, although the
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calorimeter9 (Fig. 1.11) is used to measure the heat given off in the
oxidation of a combustible substance like food, and nutritionists
refer to tables of combustion heats in planning a diet.

The study of energy transformations is called thermodynamics.
It is a hierarchical science – the more advanced concepts assume
knowledge of the more basics ones. To be ready to tackle the more
difficult but more interesting topics in later chapters, let’s use this
moment to develop an understanding of what is being measured in
the bomb calorimeter. We know from experience that the oxidation
(burning) of wood gives off heat. Some types of wood are useful for
building fires because they ignite easily (e.g. splinters of dry pine);
others are useful because they burn slowly and give off a lot of heat
(e.g. oak). The amount of heat transferred to the air per unit volume
of burning wood depends on the density of the wood and its struc-
ture. The same is true of food. Fine, but this has not told us what
heat is.

It is the nature of science to define terms as precisely as possible
and to formalize usage. Accepted definitions are important
for minimizing ambiguity of meaning. What we need now is a

Fig. 1.11 Schematic diagram of a bomb calorimeter. A sample is placed in the reaction

chamber. The chamber is then filled with oxygen at high pressure (>20 atm) to ensure

that the reaction is fast and complete. Electrical heating of a wire initiates the reaction.

The increase in water temperature resulting from the combustion reaction is recorded,

and the temperature change is converted into an energy increase. The energy change is

divided by the total amount of substance oxidized, giving units of J g
!1 or J mol!1.

Insulation helps to prevent the escape of the heat of combustion, increasing the accuracy

of the determination of heat released from the oxidized material. Based on diagram on

p. 36 of Lawrence et al. (1996).

9 But one of many different kinds of calorimeter. The instrument used to measure the
energy given off in an atom smasher is called a calorimeter. In this book we discuss a
bomb calorimeter, isothermal titration calorimeter, and differential scanning
calorimeter.

14 ENERGY TRANSFORMATION

�H = �U +RT�n

Em um experimento dessa 
bomba de calorímetro com 

Etanol, a 298K e volume 
constante, 1368 kJ/mol de 

calor é liberado



Entalpia, H
�H = �U +RT�n

�H = �U + 298 · 8.3145�n

�H = �U + 2478�n

�n = 2� 3 = 1

�H = �1368000� 2478

Se a variação de entalpia é negativo o processo é 
exotérmico. Caso contrario o processo é 

endotérmico

C2H5OH(`) + 3O2(g) ! 2CO2(g) + 3H2O(`)



Entalpia, H

Tabelas de oxidação, obtidas através de métodos 
como o calorímetro são utilizadas por físicos, 

bioquímicos e nutricionistas.  

Podemos usar equipamentos como o calorímetro 
para investigar o que acontece no nosso corpo



Bioquímica

• Aproximadamente 1/2 da massa seca do corpo 
humano é de proteinas
• O estado nativo das proteínas é “folded”, 
empacotado - uma espécie de cristal orgânico
• Mesmo nesse estado existe flutuação na 
estrutura do caroço central.
• Estado empacotado - parecido com solido
• Estado desempacotado - parecido com liquido



ideal case all amino acid side chains are completely exposed to
solvent (Table 2.4).

The non-covalent interactions that stabilize folded protein struc-
ture (or double-stranded DNA or folded RNA structure) can be
“broken” in a number of ways. One is by adding heat. If all the non-
covalent bonds break simultaneously, in an all-or-none fashion
(“cooperative” unfolding), then there are in essence just two states of
the protein: the folded state and the unfolded state. The transition
from the folded state to the unfolded state is like melting. So
inducing the unfolding of protein by heat or some other means is
something like melting a solid. This is true even if one is working
not with a mass of freeze-dried protein but with folded proteins
dissolved in aqueous solution. The cooperativity of the transition, the
all-or-none character of going from being folded to being unfolded,

Table 2.3. Characteristics of hydrogen bonds of biological importance

Bond type
Mean bond
distance (nm) Bond energy (kJ mol!1)

O–H . . .O 0.270 !22
O–H . . .O! 0.263 !15
O–H . . .N 0.288 !15 to !20
Nþ–H . . .O 0.293 !25 to !30
N–H . . .O 0.304 !15 to !25
N–H . . .N 0.310 !17
HS–H . . .SH2 — !7

The data are from Watson (1965).

Table 2.2. Energetics of non-covalent interactions between
molecules

Type of interaction Equation

Approximate
magnitude
(kcal mol!1)

Ion–ion E¼ q1q2/Dr 14
Ion–dipole E¼ q„!/Dr2 !2 to þ2
Dipole–dipole E¼„1„2!

0/Dr3 !0.5 to þ0.5
Ion–induced dipole E¼ q2fi/2Dr2r4 0.06
Dispersion E¼ 3h”fi2/4r6 0 to 10

a Charge q1 interacts with charge q2 at a distance r in medium of dielectric D.
b Charge q interacts with dipole „ at a distance r from the dipole in medium of dielectric D. !
and !0 are functions of the orientation of the dipoles.

c Dipole „1 interacts with dipole „2 at an angle q relative to the axis of dipole „2 and a
distance r from the dipole in medium of dielectric D.

d Charge q interacts with molecule of polarizability at fi distance r from the dipole in medium
of dielectric D.

e Charge fluctuations of frequency ” occur in mutually polarizable molecules of polarizability
fi separated by a distance r.

The� data� are� from� Table� 1.1� of� van� Holde� (1985).

SOME EXAMPLES FROM BIOCHEMISTRY 43



Bioquímica
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results from the concurrent breaking of a large number of weak
interactions. In water, these interactions are hydrogen bonds; in
proteins, they are the several kinds mentioned above. The melting
of pure water or any other pure solid is a cooperative phenomenon.
That is, melting occurs at a single or over a very narrow range of
temperatures, not over a broad range. The same is true of coop-
erative protein unfolding or the melting of DNA.

A number of experimental studies have been carried out to
measure the energy required to break a hydrogen bond at room
temperature. This is pertinent not only to the unfolding of proteins
but also to the “melting” of double-stranded DNA, which is held
together by hydrogen bonds. Estimates of the bond energy vary, but a
reasonable and generally agreed rough figure is 1kcal mol!1. Indi-
vidual hydrogen bonds are weak; collections can be quite strong.

In terms of Eqn. (2.10), the enthalpy of the folded state of a
protein is H"

F, the enthalpy of the unfolded state is H"
U, and the dif-

ference, H"
U ! H"

F, is the enthalpy of denaturation or unfolding, 1Hd
".

In this case the folded state of the protein is the reference state, as the
enthalpy of the unfolded state is measured with respect to it. What
is this enthalpy difference? As discussed above, the enthalpy change
for a process is equal to the heat absorbed by the system at constant
pressure, and the rigid folded state of a protein can be pictured as a
solid, and the flexible unfolded state as a liquid. So the enthalpy
difference between the unfolded and folded states of a protein is the
amount of heat needed to unfold the protein. As we shall see, the
magnitude of that heat depends on the temperature.

Table 2.4. Principal features of protein structure

Folded (native) state
Unfolded (denatured)
state

Highly ordered polypeptide
chain

Highly disordered chain
– “random coil”

Intact elements of secondary
structure, held together by
hydrogen bonds

No secondary structure

Intact tertiary structure contacts,
as in an organic crystal, held
together by van der Waals
interactions

No tertiary structure

Limited rotation of bonds in the
protein core

Free rotation of bonds
throughout polypep-
tide chain

Desolvated side chains in protein
core

Solvated side chains

Compact volume Greatly expanded
volume

44 THE FIRST LAW OF THERMODYNAMICS



The temperature at which a protein unfolds (or double-stranded
DNA melts) is called the melting temperature, Tm. This temperature
depends not only on the number and type of non-covalent bonds in
the folded state but also on the pH and other solution conditions. Tm
also depends on the pressure, but most biological science experi-
ments are done at 1 atm pressure. In the case of proteins, changing
the pH of solution changes the net charge on the protein surface.
This can have a marked impact on Tm and 1H!

d, as shown in Fig. 2.7
for the example of hen egg white lysozyme, a well-studied small
globular protein. The figure also illustrates that the slope of 1H!

against Tm for this protein is more or less constant throughout the
pH range shown.

Above we saw how a bomb calorimeter can be used to obtain
thermodynamic information. Here we introduce isothermal titra-
tion calorimetry (ITC)12 and explain how it can be used to measure
the enthalpy of a biochemical process (Fig. 2.8). By Eqn. (2.10) the
heat absorbed at constant pressure measures the enthalpy change.
Suppose, for example, we are interested in the energetics of the
binding of the Fc portion of immunoglobulin G (IgG), important in
humoral immunity and biotechnology, to soluble protein A, a bac-
terial protein. We need not be concerned at the moment just which
part of IgG the Fc portion of is: we just need to know that antibody
molecules can be dissected into components and that the Fc portion
is one of them. The thermodynamic states of interest here are the
unbound state, where protein A is free in solution, and the bound
state, where protein A is physically associated with Fc. The heat
exchanged at constant pressure upon injection of protein A into a
calorimetric cell containing the antibody can thus be used to
determine 1Hb

!, the enthalpy of binding (under standard state con-
ditions). The heat of injection will change as the number of vacant
binding sites decreases.

Fig. 2.7 Enthalpy of unfolding of hen

egg white lysozyme as a function of

transition temperature. Filled

symbols: intact lysozyme. Open

symbols: lysozyme in which one of

the four native disulfide bonds has

been removed. When folded, 3-SS

lysozyme closely resembles the

native state of intact lysozyme.

Change in transition temperature

was induced by a change of pH.

Note that 1H is approximately

linear in Tm. The data are from

Cooper et al. (1991).

12 The isothermal titration calorimeter was first described in 1922 by Théophile
de Donder, founder of the Brussels School of thermodynamics.

SOME EXAMPLES FROM BIOCHEMISTRY 45



What if we’re interested in the energetics of an enzyme binding
to its substrate? This can be measured if a suitable substrate analog
can be found or the enzyme can be modified. For instance, ITC has
been used to measure the enthalpy of binding of a small compound
called 20-cytidine monophoshate (20CMP) to ribonuclease A, which
hydrolyzes RNA to its component nucleotides. 20CMP binds to and
inhibits the enzyme. If the enzyme of interest is, say, a protein
phosphatase with a nucleophilic cysteine in the active site, muta-
tion of the Cys to Ser or Asn will abolish catalytic activity, as in the
N-terminal domain of the cytoskeleton-associated protein tensin,
and the energetics of binding can be studied. A deeper under-
standing of binding will be sought in Chapters 5 and 7.

If you’ve spent any time in a biochemistry lab, you may have
experienced the large heat given off by a salt solution as the salt
dissolves. There are several contributions to the effect, but the main
one is the enthalpy of hydration. This is the enthalpy change that
occurs when an ion in vacuum is dropped into a sea of pure water.
Water molecules form what is called a hydration shell around the
ion, the number depending on the radius of the ion and its charge.
Calorimetry can be used to measure the hydration enthalpy of bio-
logically important ions. Values are given in Table 2.5. Why is this
important? In one example, some of the water molecules hydrating
an ion must be stripped away before the ion can pass through a
selective ion channel in the plasma membrane, and this requires an
input of energy. Complete dehydration of the ion would require a
very large input of energy, so it is easy to imagine that a few water
molecules remain associated with an ion as it passes through a pore.
Ion channels that are specific for the passage of certain types of ion
are part of the molecular machinery underlying the transmission of
nerve impulses.

Fig. 2.8 Isothermal titration

calorimeter. The temperature is

constant. There are two identical

chambers, the sample cell and the

reference cell. In most cases, the

sample cell will contain a

macromolecule, and the syringe/

stirrer is used to inject a ligand into

the sample cell. The syringe is

usually coupled to an injector

system under software control and

rotated at a constant speed. The

reference cell is filled with buffer;

no reaction occurs there. 1T
measures the temperature

difference between cells, which are

surrounded by insulation to

minimize heat exchange with the

surroundings. Electronic (power

feedback) circuitry minimizes 1T

on a continuous basis. If injection of

ligand results in binding, there will

ordinarily be a change in the

temperature of the sample. The

sign of the change will depend on

whether the reaction is exothermic

or endothermic. An experiment

consists of equal-volume injections

from the syringe into the sample

cell.
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H. Heat capacity

Above we noted that the heat taken up or released per unit change
in temperature from a material at constant pressure is a property of
that material. The name of this property is the heat capacity at
constant pressure, Cp.

13 This quantity is readily measured, and it can
be used to calculate changes in the enthalpy. The heat capacity per
unit mass of Coke, for example, which is mostly water, differs from
the heat capacity per unit mass of an egg, which contains a large
amount of protein; the amount of heat energy that must be
extracted from 1g of each in order to lower the temperature by
1 degree K will not be the same in the two cases. The heat capacity
tells us how much energy is in the system for transfer between itself
and the environment per degree.

It is evident from Fig. 2.7 that the enthalpy of a protein rises as
its temperature is increased. This is true of substances in general.
The numerical relationship between H and T, however, depends on
the conditions. We concern ourselves here with constant pressure
only. The slope of a graph of H versus T at constant pressure is the
heat capacity at constant pressure.

We are all familiar with heat capacity, even in the absence of a
formal introduction. Returning to our water-in-a-saucepan example,
if the water is heated at a high enough rate, it will eventually boil.
The amount of heat that must be added to increase the temperature
of 1 g of a substance by 1 degree K is the specific heat capacity. At 1 atm
pressure, the heat capacity of liquid water varies only very slightly
with temperature over the range 0–100 !C. This comes from the
bonding structure of water (Fig. 2.9). Just as the extent of motion
changes substantially when a quantity of water freezes or vaporizes,
the heat capacity of water depends substantially on its state. This is
true of substances in general. But the number of hydrogen bonds

Table 2.5. Standard ion hydration enthalpies

Hþ #1090 Mg2þ #1920
Liþ #520 Ca2þ #1650
Naþ #405 Ba2þ #1360
Kþ #321 Fe2þ #1950
— — Zn2þ #2050
NH4þ #301 Fe3þ #4430

The data refer to Xþ(g)!Xþ(aq) at 1 bar and are from Table 2.6c in Atkins (1998). 1 bar¼ 105

Pa¼ 105 N m#2¼ 0.987 atm. 1 Pa¼ 1 pascal. Blaise Pascal (1623–1662) was a French scientist
and religious philosopher.

13 The heat capacity per unit mass of material, or specific heat, was first
described in detail by Joseph Black.
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Hidratação e desidratação iônica ocorre 

constantemente nos canais/bombas de íons e na 
transmissão de impulsos nervosos.


