Physical Principles in Biology
Biology 3550
Spring 2025

Lecture 26
More on the Second-Law and

Introduction to Chemical Thermodynamics

Wednesday, 19 March 2025

©David P. Goldenberg
University of Utah
goldenberg@biology.utah.edu



Announcements

m Quiz 4:

® Friday, 28 March
® 25 min, second half of class
® Will cover material on thermodynamics

m Problem set 4
® Due Friday, 28 March, 11:59 PM



The “Classical” Definition of Entropy, S

m Entropy is a state function.

m For two states for which temperature remains constant during the reversible
process of converting one to the other:

Qrev
AS =
T

m For two states separated by a reversible process for which the temperature does
not stay constant:

.
? Qrev
n T

m Units for entropy: energy/temperature, J/K.

AS = dT



The Statistical Definition of Entropy

BS=kInQ

k = Boltzmann’s constant, with
correct units for entropy (J/K).

m For a given state, Q is the number of
equally probable ways to arrange the
components making up that state.

m The different arrangements are called
microstates.

m There is no proof! We believe it
because it works.

Ludwig Boltzmann, 1844—1906
Tombstone in Vienna, Austria



Entropy Change for Isothermal Expansion of a Gas

Grev V G
S - n n(vl) n n(C2>

m AS is positive if volume increases (or concentration decreases).
m AS does not depend on temperature (in this case).

m The same result is obtained from the classical and statistical definitions!



The Second Law of Thermodynamics

m For a spontaneous process, the total entropy of the universe
(the system and its surroundings) will increase.

ASuniv - ASsys + ASsurr >0
m What does spontaneous mean?

Process occurs without an input of work to the system: w < 0.
If w < 0, the process produces work.

m Entropy change for the system:

qrev
ASsys - T
m Entropy change for the surroundings:
q
ASsurr = _?

g is the heat absorbed by the system during the specific process being
considered.




The Second Law of Thermodynamics

m For a spontaneous process at constant temperature:

ASuniv = ASsys + ASsurr >0

Qrev q
=T 250
T T

m S, is not a state function!

AS,... depends on the path of the change in the system.

m Flow of heat to surroundings represents an increase in entropy of the
surroundings.

m Heat flows spontaneously to surroundings only if the system is warmer than the
surroundings,

m Entropy of the system can decrease in a spontaneous process, if there is a flow
of heat to the surroundings.



Clicker Question #1

What is ASun;V

=)

Adiabatic expansion of a gas

without work: A) 0
V-
B) nRIan
EE — Em C) nRIn
R D) nRT In ¢

° .-' ..'. ° e . V
Perfectﬁ E) nRTln V;

insulation



Adiabatic Expansion of a Gas Without Work

qg=0

BEw=0

ASys = Greu/T = nRIn (%)

m —

ASsurr = _q/T =0

Perfectf | Asuniv = Assys + Assurr = nRIn (%)

insulation

If \/2 > \/1, ASuniv >0

The process is spontaneous.



Clicker Question #2

What is AS,niv?

Reversible isothermal
oxoansi . A)(0)
pansion of a gas:
B) nRIn %

C) nRIn%
D) nRTln%

E) nRT In %

Thermal Reservoir Thermal Reservoir
(Constant 7) (Constant T)



Reversible Isothermal Expansion of a Gas

W = Wy = —NRT In (%)

G = Grev = nRT In (%)

ASys = Greo/T = nR1n (%)

ASew = —q/T = —nRIn (%)
ASuniv - ASsys + ASsurr =0

The process is on the edge of being
spontaneous, because all of the available work
has been obtained.

Thermal Reservoir
(Constant T)

Thermal Reservoir
(Constant T)



Another Pathway for Gas Expansion

Thermal Reservoir
(Constant T)

Adiabatic

expansion

Weight

Thermal Reservoir
(Constant T)

Thermal

equilibration

Thermal Reservoir
(Constant 7)



Clicker Question #3

For the overall two-stage expansion:

Which of the following is true?
A) AE <O

: B)
e Adiabatic e’ Thermal
— —
expansion ‘_ equilibration c) AE > O
Thermal Reservoir I Thermal Reservoir I I Thermal Reservoir I
(Constant T) (Constant T) (Constant T)




Clicker Question #4

For the overall two-stage expansion:

Which of the following is true?
A) w = nRT In (%)
Vo
Adiabatic Thermal B) 0 <w < nRTIn (—)
Vi
RS expansion equilibration
R C) w=0
Thermal Reservoir Thermal Reservoir Thermal Reservoir
(Constant T) I (Constant 7) I I (Constant 7) I \/2
- - D)[0>w > —nRTIn {
1

E) w=—nRT In (%)



Work Done on the System in the Two-step Expansion

m Work done by the system = —w

m The work done by the system must be less than the work done by the system in
the reversible process, — W,

— W < —Wey

W > Wyey = —nRT In (—)

m But some work is done, so w < 0, and:

Vs
—nRT In | =
0>w>-—n n<V>

1



Clicker Question #5

For the overall two-stage expansion:

Which of the following is true?
V:
2
A)|ASss =nRIn | —
Vi
== Adiabatic 2l hermal
expansion ., equilibration B) O < Assys < nR In (%)
Thermal Reservoir I Thermal Reservoir I I Thermal Reservoir I c) ASS)’S = O
(Constant 7) (Constant T) (Constant 7)

D) 0> AS,, > —nRln (%)

E) ASys = —nRIn (£)



Clicker Question #6

For the overall two-stage expansion:

Which of the following is true?
A) Ay =nRIn (%)
oLt V5
Adiabatic e Thermal B) 0 < ASSU” < nRln (Vi)
Kl —— EH ——
expansion . i equilibration
’ C) ASsurr =0
Thermal Reservoir Thermal Reservoir Thermal Reservoir
(Constant 7) I (Constant 7) I I (Constant 7) I \/2
D)|0 > AS...r > —nRIn v
1

E) ASer — —nRIn (%)



Entropy Change of the Surroundings

for the Two-Step Expansion

m Entropy change for the surroundings:

V
q 0>w>—nRT In <—2>
ASsurr = T = \/1
T
I V,
m Heat flowing into the system: 0>—-g>—nRTIn <7>
1
AE=q+w=0
’ 0> -9 nRin (2
—qg=w T Vi

0> ASgr > —nRIn (ﬁ)
Vi



Clicker Question #7

For the overall two-stage expansion:

Adiabatic teoin’ Thermal
expansion K equilibration
Thermal Reservoir Thermal Reservoir Thermal Reservoir
(Constant T) (Constant T) (Constant 7)

Which of the following is true?
A) AS,u = nRIn (5)

B)

C) ASu,iv =0

D) ASuniv <0

E) ASum, = —nRn ()



Entropy Change of the Universe for the Two-Step Expansion

ASuniv = ASsys + ASsurr

Vo
AS,s =nRIn <71>

V-
ASy,, > —nR1n (é)

AS’.univ - ASsys + ASsurr >0

m The process is spontaneous and produces work on the surroundings!
m But, it does less work than the reversible process.

m Also absorbs less heat.



Warning!

Direction Change

Thermodynamics of Chemical Reactions



Thermodynamics and Chemical Reactions

A—8B
Energy reconsidered:
m For ideal gasses, the only energy is translational kinetic energy:

E = E, =3kT/2

m Real molecules have additional modes of motion and greater kinetic energy:
Ey > 3kT /2
Ey o< kT

m Real molecules also posess potential energy, energy that can be absorbed or
released through chemical reactions.



A Hypothetical Example

m What happens if a chemical reaction takes place in a perfectly insulated
chamber?

m g =0and w =0, so AE must be zero.

m Can the temperature change?

m Potential energy of the molecules can be converted to kinetic energy (thermal
energy), or vice versa.



Potential Energy of Molecules

m When atoms or molecules react chemically, their energies often change.

® Forming a chemical bond usually reduces potential energy of molecules.
® Breaking a chemical bond usually increases potential energy of molecules.

m What about ATP?

\H, H,O NH,
NN RS AN > NN O o
Kl N>o o—é—o—é@é—o k\ | N>0 o—IOPI—o—I(P;—o + Ho_é_g + H*
OH OH ATP OH OH ADP

We are told that:

® ATP has a “high-energy bond”.
® Forming the bond requires energy and breaking it releases energy.

These statements aren’t quite right!



Potential Energy of Molecules

m When atoms or molecules react chemically, their energies often change.

m If the potential energy decreases, where can that energy go?
® Kinetic energy (temperature) increases.
® Heat flows out of the system. (g < 0)
® Work is done by the system. (w < 0)
® Some combination of the above.

m Exactly what happens depends on pathways available for heat flow or work.

m Using the second law directly, with ASg,s and AS,,.,, gets awkward.



J. Willard Gibbs

m Arguably the first great American theoretical
scientist.

m Consolidated thermodynamics into a
consistent theory.

m Applied thermodynamics to chemistry.

m Also made important contributions in math and
optics.

1839-1903



