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The Properties of Gases
The Perfect Gas

T (K) = θ(◦C) + 273.15

pV = nRT

pJ = xJp, xJ =
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n
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The Kinetic Model
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3
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f(v) = 4π

(
M

2πRT

)3/2

v2e−Mv2/2RT

vrms =

(
3RT

M

)1/2

vmean =

(
8RT

πM

)1/2

vmp =

(
2RT

M

)1/2

vrel =

(
8kBT

πµ

)1/2

, µ =
mAmB

mA +mB

z =
σvrelp

kBT
, σ = πd2, λ =

vrel

z

Real Gases
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Vm

V 

m
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(
1 +

B
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V 2
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+ · · ·
)

p =
nRT
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V 2

Xr =
X

Xc
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The First Law
Internal Energy

∆U = q + w

dw = −pexdV, w = −pex∆V

w = −nRT ln
Vf

Vi

∆U = qV

q = It∆ϕ

CV =

(
∂U

∂T

)
V

Enthalpy

H = U + pV

dH = dqp, ∆H = qp

∆H = ∆U +∆ngRT

Cp =

(
∂H

∂T

)
p

Cp − CV = nR

Thermochemistry

∆rH

 =

∑
products

ν∆fH

 −

∑
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ν∆fH



∆rH

 =

∑
J

νJ∆fH

 (J)

∆rH

 (T2) = ∆rH


 (T1) +
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T1

∆rC


p dT

∆rC
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 (T1) + (T2 − T1)∆rC


p

State Functions and Exact Differentials

dU =

(
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)
T

dV +
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∂T

)
V

dT
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(
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)
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, dU = πT dV + CV dT
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V

(
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)
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1

V

(
∂V

∂p

)
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Cp − CV =
α2TV
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(
∂T

∂p

)
H

dH = −µCpdp+ CpdT

Adiabatic Changes

wad = CV ∆T

Tf = Ti

(
Vi
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)1/c

, c =
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c
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The Second and Third Laws
Entropy

dS =
dqrev

T
, dS ≥

dq

T

∆Ssur =
qsur

Tsur

S = kB lnΩ

η = 1−
Tc

Th
, T = (1− η)Th

Entropy Changes for Specific Processes

∆S = nR ln
Vf

Vi

∆trsS =
∆trsH

Ttrs

S (Tf) = S (Ti) + C ln
Tf

Ti
, for C = Cp, CV

Measurement of Entropy

Sm(Ta) = Sm(0) +

∫ Tfus

0

Cp,m, solid(T )

T
dT

+
∆fusH

Tfus
+

∫ Tvap

Tfus

Cp,m, liquid(T )

T
dT

+
∆vapH

Tvap
+

∫ Ta

Tvap

Cp,m, gas(T )

T
dT

∆rS

 =

∑
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νS

m −
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νS

m

∆rS

 =

∑
J

νJS


m (J)
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 (T2) = ∆rS
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T1

∆rC

p

T
dT

∆rS

 (T2) = ∆rS


 (T1) + ∆rC


p ln

T2

T1

Concentrating on the System

dSU,V ≥ 0, dSH,p ≥ 0

A = U − TS, G = H − TS

dAT,V ≤ 0, dGT,p ≤ 0

dwmax = dA, wmax = ∆A

dwadd, max = dG, wadd, max = ∆G

∆rG

 = ∆rH


 − T∆rS



∆rG

 =

∑
J

νJ∆fG

 (J)

∆fG

 (H+, aq

)
= 0
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Combining the First and Second Laws

dU = TdS − pdV

dG = V dp− SdT(
∂G

∂p

)
T

= V,

(
∂G

∂T

)
p

= −S(
∂ (G/T )

∂T

)
p

= −
H

T 2

Gm (pf) = Gm (pi) + Vm (pf − pi)

Gm (pf) = Gm (pi) +RT ln
pf

pi

Gm (p) = G

m +RT ln

p

p


Phys. Transform. of Pure Substances
Phase Diagrams of Pure Substances

µ = Gm

F = C − P + 2

Thermodynamic Aspects of Phase Transitions(
∂µ

∂T

)
p

= −Sm(
∂µ

∂p

)
T

= Vm

p = p∗eVm(l)∆P/RT

dp

dT
=

∆trsS

∆trsV

d ln p

dT
=

∆vapH

RT 2

Simple Mixtures
The Thermodynamic Description of Mixtures

VJ =

(
∂V

∂nJ

)
p,T,n′

µJ =

(
∂G

∂nJ

)
p,T,n′

G = nAµA + nBµB

dG = V dp− SdT + µAdnA + µBdnB + . . .∑
J

nJdµJ = 0

µ = µ
 +RT ln
p

p


∆mixG = nRT (xAlnxA + xBlnxB)

∆mixS = −nR (xAlnxA + xBlnxB)

∆mixH = 0

pA = xAp∗A

µA (l) = µ∗
A (l) +RT lnxA

pB = xBKB

Binary Phase Diagrams of Liquids

yA =
xAp∗A

p∗B +
(
p∗A − p∗B

)
xA

yB = 1− yA

p =
p∗Ap∗B

p∗A +
(
p∗B − p∗A

)
yA

nLlL = nVlV

Chemical Equilibrium

The Equilibrium Constant

∆rG =

(
∂G

∂ξ

)
p,T

∆rG = ∆rG

 +RT lnQ, Q =

∏
J

a
νJ
J

∆rG

 =

∑
J

νJ∆fG

 (J)

K =

(∏
J

a
νJ
J

)
equilibrium

∆rG

 = −RT lnK

Response of Equilibria to the Conditions

d lnK

dT
=

∆rH


RT 2
,

d lnK

d (1/T )
= −

∆rH


R

lnK2 − lnK1 = −
∆rH


R

(
1

T2
−

1
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)

Chemical Kinetics

The Rates of Chemical Reactions

v =
1

V

dξ

dt

v =
1

νJ

d[J]

dt

v = k[A]a[B]b · · ·
log v0 = log keff + a log [A]0

Integrated Rate Laws

[A] = [A]0 − kt

ln
[A]

[A]0
= −kt, [A] = [A]0e

−kt

t1/2 =
ln 2

k
1

[A]
−

1

[A]0
= kt, [A] =

[A]0

1 + kt[A]0

t1/2 =
1

k[A]0

t1/2 =
2n−1 − 1

(n− 1) k[A]n−1
0

ln ([B]/[B]0)

ln ([A]/[A]0)
= ([B]0 − [A]0) kt

Reactions Approaching Equilibrium

K =
k1f

k1r
×

k2f

k2r
× · · ·

Note: use c
 to balance out units

The Arrhenius Equation

ln k = lnA−
Ea

RT

Ea = RT 2 d ln k

dT

k = Ae−Ea/RT

Reaction Mechanisms

d[A]

dt
= −k[A]

d[A]

dt
= −k[A][B]

[A] = [A]0e
−k1t

[I] =
k1

k2 − k1

(
e−k1t − e−k2t

)
[A]0

[P] =
1 +

(
k1e−k2t − k2e−k1t

)
k2 − k1

[A]0

d[I]

dt
≈ 0
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Mathematical Relations

Logarithms and Exponentials

lnx+ ln y + · · · = lnxy · · ·

lnx− ln y = ln
x

y

a lnx = lnxa

exeyez · · · = ex+y+z+···

ex

ey
= ex−y

(ex)a = eax

Derivatives

d (f + g) = df + dg

d (fg) = fdg + gdf

d

(
f

g

)
=

1

g
df −

f

g2
dg

df

dt
=

(
df

dg

)(
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dt

)
for f = f (g (t))(

∂y

∂x

)
z

=

(
1

(∂x/∂y)

)
z(

∂y

∂x

)
z

(
∂x

∂z

)
y

(
∂z

∂y

)
x

= −1

dxn

dx
= nxn−1

deax

dx
= aeax

d ln (ax)

dx
=

1

x

df = g (x, y) dx+ h (x, y) dy is exact if(
∂g

∂y

)
x

=

(
∂h

∂x

)
y

Integrals ∫
xndx =

1

n+ 1
xn+1 + C, n ̸= −1∫

1

x
dx = lnx+ C

∫
1

ax+ b
dx =

1

a
ln (ax+ b) + C∫

1

(A− x) (B − x)
dx =

1

B −A
ln

(
B − x

A− x

)
+ C, A ̸= B∫

e−kxdx = −
1

k
e−kx + C∫

xe−kxdx = −
1

k2
e−kx −

x

k
e−kx + C∫

xe−kx2
dx = −

1

2k
e−kx2

+ C∫
x3e−kx2

dx = −
1

2k2
e−kx2

−
x2

2k
e−kx2

+ C∫
sin (kx) dx = −

1

k
cos (kx) + C∫

sin2 (kx) dx =
1

2
x−

1

4k
sin (2kx) + C∫

sin (kx) cos (kx) dx =
1

2k
sin2 (kx) + C
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