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13.1 INTRODUCTION

Boyle 1661

Boyle's Law

150

kinetic theory of gases

Avogadro’s hypothesis

specific heat capacity

viscosity conduction

diffusion measurable

13.1

13.2

13.3

13.4

13.5

13.6

13.7

(Kinetic Theory of Gases)
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13.2 Molecular Nature

of Matter

Richard

Feynman

John Dalton

Lalitavistara

10 –10 m

Democritus
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Kanada

Democritus

Atomic

Theory

John Dalton

200

Gay

Lussac’s law

10 -10 m

2Å

mean free path
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quark

string

13.3 Behaviour of Gases

PV = KT (13.1)

T

K

K

N

(John Dalton) (1766- 1844)

colour blindness

(Amedeo Avogadro (1776 – 1856)
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K = Nk

K

Boltzmann constant

kB

1 1 2 2

1 1 2 2

P V P V
N T N T

 = = kB (13.2)

P, V T

N

22.4 6.02 × 1023 

Avogadro’s number NA

=

273 K = 1 atm 22.4

1 mole

PV =   RT (13.3)

 R  = NA

kB T

R = 8.314 Jmol–1K–1

0 A

M N
M N

   (13.4)

M N M0

molar mass NA

13.4

13.3

PV = kB NT
 P = kB nT

n

kB SI

1.38 × 10–23 J K–1

13.3

0

RT
P

M


 (13.5)



P (atm)

13.1

13.3

ideal gas

real gas

13.1
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13.3  T 

PV = 13.6

V    T

Charles’ law 13.3

1


1 2 

2 V

T P 

PV = (  1 +  2 +…  ) RT (13.7)

13.2 P-V

13.1 P 

13.2 

P-V

P 22

V 0.09

1 2 ...
RT RT

P
V V

    (13.8)

    = P1 + P2 + … (13.9)

V

RT
P 1

1


 1

partial

100 200 300 400 500
V

T

P1

P2

P3

>>P1 P2 P3

13.3 CO2 T-

V

T 300 K V 0.13
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pressure 13.9

 13.1 1000 kg m–3

100 °C 1 atm

0.6 kg m–3

1000/0.6  = 1/(6 ×10–4 )

1

6×10–4

 13.2 13.1

= 1000 kg m–3

1

(2 + 16)g  = 18 g  =  0.018 kg

1  6 × 1023

(0.018)/(6 × 1023) kg  = 3 × 10–26 kg

= (3 × 10–26 kg)/ (1000 kg m–3)
= 3 × 10–29 m3

= 
4

3
 
     3

= 2 ×10-10  m = 2Å

 13.3 

13.1

13.4

1.67×103 13.1

1.67×103

103

V1/3 10

10 × 2 Å = 20 Å

2 × 20 = 40  Å

 13.4

3:2

i

ii

20.2 u

32.0 u
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V T P1V =  1 RT

P2V =  2 RT 
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2 1 2 
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2 2 2 2 2

/
/
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3 20.2

0.947
2 32.0

  

13.4 Kinetic Theory

of an Ideal Gas

(2Å) 10

elastic

random
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13.4.1 Pressure of an Ideal Gas

l

13.4

(vx, vy, vz ) yz A (= l2)

y z

x

(–vx, vy, vz )

– mvx – (mvx) = – 2mvx

2mvx

t x vx

vx

t Avx t

t

13.4 

n (–vx, vy, vz ) ½A vx nt 

t

t

Q = (2mvx) (½ n A vx n t ) (13.10)

Q/t

2
x

Q
P nmv

A t
 


(13.11)

dis-

tribution 13.11

x vx

n

P = n m 2
xv (13.12)

2
xv vx

2 

isotropic

symmetry

2
xv  = 2

yv  = 2
zv

      = (1/3) [ 2
xv  +  2

yv  + 2
zv ] = 

1

3
 
  

2v (13.13)

v 2v
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P = 
1

3
 
   n m 2v (13.14)

A t

(James Clerk Maxwell) (1831 – 1879)

distribution

Maxwell’s equations

electromagnetic wave

(Ludwig Boltzmann (1844 – 1906)

thermodynamics

entropy

classical statistical mechanics

Boltzmann’s constant
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t

½ Avx nt (vx, vy, vz )

2
xv

13.4.2 Kinetic In-

terpretation of Temperature

13.14

PV   = 
1

3
 
   nV m 2v (13.15a)

PV   = 
2

3
 
    N m

1

2
m 2v (13.15b)

N (= nV )

E

*

E = N 
1

2
 
   m 2v (13.16)

13.15

PV = 
2

3
 
   E (13.17)

13.3

13.17

E =
3

2
 
   kB  NT (13.18)

E

N
 = 

1

2
m 2v = 

3

2
 
   kBT (13.19)

13.18

13.14

* E U U

13.5



449

P = 
1

3
 
    [n1m1

2
1v  + n2 m2 

2
2v +…  ] (13.20)

1

2
m1 

2
1v  = 

1

2
m2 

2
2v = 

3

2
 
   kB T

P = (n1 + n2 +…  ) kB T (13.21)

13.19

T = 300K

2 –26
26

28
4.65 10

6.02 10
N

A

M
m

N
   

  kg.

2v   =  3 kB T / m    =    (516)2 m2s-2

2v

vrms
2v < v2 >

... vrms   =    516 m s-1

13.19

rms

 13.5 

2:1

27 °C

i ii

vrms

39.9 u

70.9 u

 (3/2)

kBT

i

1:1

ii ½ m vrms
2  =  (3/2)

kBT m

 
 

 
 

 
 

2

Cl ClAr
2

Ar ArCl

rms

rms

m M

m M
 

v

v = 
70.9
39.9

 =1.77

M

 
 

Ar

Cl

rms

rms

V

V  =  1.33

i ii

 13.6 

235 238

19 235

238
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= ½ m <v2 >

349 352

o

(Maxwell Distribution Function)

distribution

20 20 60 60

0-1, 1-2,..., 99-100

x

x+dx dN(x) dx dN(x)  =   nx  dx

nx x

v v+ dv

dN(v) = 4p N a3e–bv2 v2 dv = nvdv v nv

v v+ dv

v2 <v2> = (1/N )

  )/3()(2 mTkvdNv B

v2
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1
2

349

352

352

349

v

v
      = 1.0044

V
V


= 0.44 %

[235U nuclear

fission
238U

 13.7 (a)

b

a

c

d

a

u

V

V + u

V + u

V + (V + u) = 2V + u

b (c) d

  

13.5 

13.5

enrichment

]
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13.5 Law of

Equipartition of Energy

2 2 21 1 1
      

2 2 2t x y zmv mv mv    (13.22)

T

2 2 21 1 1 3
2 2 2 2t x y z Bmv mv mv k T     (13.23)

13.23

21 1
    

2 2x Bmv k T  ,
21 1

    
2 2y Bmv k T ,

21 1
    

2 2z Bmv k T (13.24)

degree of freedom

translation

½ mvx
2

vy vz

13.24

½ kBT

13.6 *

t r

(1)

(2)

13.6 

*

13.6 
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2 2 2 2 2
1 1 2 2

1 1 1 1 1
2 2 2 2 2t r x y zmv mv mv I I        

(13.25)

 1  2 1 2

I1 I2

rigid rotator

 v

2
21 d 1

2 d 2v
y

m ky
t

     

k y

t r v      (13.26)

 v y

dy

dt
 
  

13.26



mode  T

1

2
kBT

1

2
kBT

1

2
kBT

law of

equipartition of energy

½ kBT

2 ×

1

2
kBT  = kBT

13.6 Specific Heat

Capacity

13.6.1 Monatomic Gases

T
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(3/2)kBT

3 3
 

2 2B AU k T N RT   (13.27)

Cv = 
d
d
U
T

 =
3
2

R (13.28)

C
p
 – C

v
 = R (13.29)

C
p

C
p
 = 5

2
 R    (13.30)










v

p

C

C

p

v

5

3

C

C
   (13.31)

13.6.2 Diatomic Gases

dumbbell

5

3 2

5 5
2 2B AU k T N RT   (13.32)

C
v

= 5

2
R

C
p

= 7

2
R (13.33)

 = 7

5
(13.34)

U k T k T N  RTB B A 








 

5

2

7

2

7 9 9
,  ,  

2 2 7v pC R C R    (13.35)

13.6.3 Polyatomic Gases

3 3

f

U = 
3 3

2 2B B B Ak T k T f k T N
    

 C
v
 = (3 + f ) R,  C

p
 = (4 + f ) R,

  
 

f

f


 



(13.36)

Cp – Cv = R 

13.1 13.2

Cl2, C2H6 
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13.2

Cv Cp Cp–Cv 
(J mol–1K1) (J mol–1K1) (J mol–1K1)

He 12.5 20.8 8.30 1.66

Ne 12.7 20.8 8.12 1.64

Ar 12.5 20.8 8.30 1.67

H2 20.4 28.8 8.45 1.41

O2 21.0 29.3 8.32 1.40

N2 20.8 29.1 8.32 1.40

H2O 27.0 35.4 8.35 1.31

CH4 27.1 35.4 8.36 1.31

13.1

Cv Cp Cp–Cv 
(J mol–1K1) (J mol–1K1) (J mol–1K1)

12.5 20.8 8.31 1.67

20.8 29.1 8.31 1.40

24.93 33.24 8.31 1.33

13.1

 13.8 44.8

15 oC

(R = 8.31 J

mo1–1 K–1)

PV =  RT

273 K

1 atm = 1.01 × 105 Pa

1 22.4

2

Cv

Cv = 
3

2
 R

Cp = 
3

2
R + R

= 
5

2
R
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Cv

= ×

×

= 2 × 1.5 R × 15.0 = 45 R
= 45 × 8.31 = 374 J.

13.6.4

Specific Heat Capacity of Solids

N

one dimension

2 × ½ kBT = kBT

3 kBT

N = NA

U =  3  kBT  × NA  = 3 RT

Q = U + PV = U

V 

 3
Q U

C R
T T

 
  
 

(13.37)

13.3

(J kg–1K1) (J mol–1K1)

900.0 24.4

506.5 6.1

386.4 24.5

127.7 26.5

236.1 25.5

134.4 24.9

13.3

13.6.5 Specific Heat

Capacity of Water

3kBT

U = 3 × 3 kBT  × NA  = 9 RT

9
Q U

C R
T T

 
  
 

1 = 4.179

= 18

~ 75 J mol–1 K–1 ~  9R

T T 0



457

13.7 Mean Free Path

d

<v> d

t  d2 <v> t

13.7

n t

n d2 <v> t 

 n d2 <v>

2

1

n v d





 
(13.38)

mean free path

2

1
l v

n d



   (13.39)

13.38 <v>

<vr>

2

1

2
l

n d
 (13.40)

t
v

13.7 t
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l 

<v> =  485m/s

n = 
 
 

23

–3

0.02 10

22.4 10





=  2.7 × 10 25 m–3.

d = 2 × 10–10 m

 = 6.1 × 10–10 s

l = 2.9 × 10–7 m  1500d (13.41)

(13.40

n

 13.9 13.41

13.1 373 K

pollen grain

~ 10-5 m 1827 Robert Brown

torque

Brownian motion

scanning tunneling microscope

1987 Ahmed Zewail

1 = 10-15

chemical bonding
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d 

32525 m102
373

273
107.2 n

m104 7l

100

~ 40

A0 = 4 ×10-9 m

1.

 PV =  RT     = kB NT

P V  T

N R KB

R = 8.314 J mol–1 K–1,     kB  = 
A

R
N    = 1.38 × 10–23 J K–1

2.

21
3

P   n m v

N m 2v  

21 3
2 2 B m v    k  T ,   1/2

2 rmsv v
3 Bk T

m
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3.

E = 
2

3  k
B 

NT

PV = 2

3
 E

4. T

½ kB T

½ kB T

2 × ½ kB T

5.

6. l

2

1

2
l

 n  d


n d

1.

2.

10

100 1000
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3.

½ k
B
 T

2 1

2 × ½

k
B
 T = k

B
 T

4.

½ mv2 mgh

5. < v2 > ( < v >)2

Exercise

13.1

3 Å

13.2 1

=1 0 °C) 22.4

13.3 13.8 1.00×10–3 kg P PV/T

13.8

PV
T (J K   )

P

T1 T2

x

y
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a

b T1 > T2 T1 < T2

c y PV/T

d 1.00×10–3 kg y-

PV

T

PV

T

2.02 u 32.0

u R = 8.31 J mo1–1 K–1

13.4 30 27 °C 15 atm

11 atm 17 °C

R = 8.31 J mol–1 K–1 = 32 u

13.5 40 m

10 cm3 12 °C 35 °C

13.6 25.0 m3 27 °C 1 atm

13.7 i

27 °C ii 6000 K iii 107K

13.8

vrms
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13.9 – 20 °C 

39.9 u 4.0 u

13.10 17 oC 2.0 atm 

1.0 Å

28.0 u

Additional Exercise

13.11 1 m

76 cm 15 cm

13.12 28.7 cm3 s–1

7.2 cm3 s–1

R1/R2 = ( M2 /M1 )
1/2 R1 R2

M1 M2

13.13

 n2 = n1 exp [ -mg (h2 – h1)/ kBT ]

n2 n1 h2 h1

n2  = n1 exp [–mg NA ( -  ) (h2 – h1)/ (RT)]

  ' NA R
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13.14

u 103kgm–1

12.01 2.22

197.00 19.32

14.01 1.00

6.94 0.53

19.00 1.14
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