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Equipartition Theorem

The average energy of a particle per independent component of motion is lkT
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translational kinetic energy :  1mv’
rotational kinetic energy : s’
vibrational energy : Lmv? + Lk’

kinetic energy for each independent component of motion has a form of b, p;
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Equipartition Theorem

The average energy of a particle per independent component of motion is %kT

InP
Z=p""KK, K, <g>=—a;8 2; f;

3
¢ for a monoatomic ideal gas : U= ERT
for diatomic gases : — S RT

2

for polyatomic molecules which are soft and vibrate easily
with many frequencies, say, g: u=B+q)RT

% for liquids and solids, the equipartition principle does not work
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Einstein and Debye Model for Heat Capacity — Background
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Einstein and Debye Model for Heat Capacity — Concept

3N independent (weakly interacting) but distinguishable
simple harmonic oscillators.

g =>0+2) hv

—hvI2kT
e "’ 1 hv

P= InP=———"—"—In(l-¢™'*
l_e—hv/kT 9) kT ( )

for N simple harmonic vibrators

U = NKT? 8lnPj - N lhv+h—vj
or ), 2 1

hvIkT

ot _hv hv
average energy per vibrator <E> = 5 + ST ]
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Einstein and Debye Model for Heat Capacity — number density

Let dN, be the number of oscillators whose frequency lies
between v and v + dv

dN,=g(v) dv

where g(v), the number of vibrators per unit frequency band,
satisfy the condition

deV =jg(v) dv=3N

The energy of N particles of the crystal

hv hv
U=[<e> dNV:_[( - +th/kT—1j g(v) dv

CV:((’?_UJ jk(hv/kT)z vk o) dv

6T y ( hv/kT 1)
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Einstein and Debye Model for Heat Capacity — Einstein

All the 3N equivalent harmonic oscillators have the same frequency v,

oU k(hv/kT)? e
Cy = j hv kT
or ), (" =1y’

g(v) dv

k(h VE /kT)2 hvg kT

hVE/kT 1)

C, =3N

Defining Einstein characteristic temperature

0 — hv,
=
k
2 0, /T
Cy _ 0, e
0./T 2

3R ) (e* =1
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Einstein and Debye Model for Heat Capacity — Debye

A crystal is a continuous medium supporting standing longitudinal
and transverse waves

9N oU k(hv/kT)> e
g(V) ——311/2 CV :(6—T)V :j (ehv/kT _1)2 g(V) dv
2 3 2 _hv/kT
C, :jm(?n/ /vm)h(l/zkz/sz e Iy
3N, 0 (e"""" =1)
set oty e 2. O
kT kT T
¢, 3 _[@/T xte” 7
3R (®/T)’ P (e'-1)°
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Einstein and Debye Model for Heat Capacity — Comparison
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Einstein and Debye Model for Heat Capacity — More about Debye
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Einstein and Debye Model for Heat Capacity — More about Cp
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Effusion: Langmuir Equation

Question: The rate at which particles strike a unit surface of a container
per unit time, given the pressure and temperature of the gas

Application:

1. Estimate of the time needed for a totally clean surface to be
covered with a monolayer of atoms or molecules,
assuming that all the molecules that hit the surface stick to it

2. Calculate how many atoms will escape from a small hole
in a vessel per unit time, given the area of hole

(measure of vapor pressure)

3. How may particles may evaporate from a surface per unit time
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Maxwell Distribution of Speed in Dilute Gases

N e/ kT h’ h’
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27T 2kT
% 1/2
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Effusion: Langmuir Equation

X - axis

Number of atoms N” that collide with side walls within a time 7

N =Z v, T Agl[pmbabﬂ”y of Veil

exp(— i izj
. SmV* kT
N = Z Vx’iT A N ;’ mZ
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Effusion: Langmuir Equation

I o)
N'=Y vrarl exp( LT j y' = a
= " Ty 2 Z 8mV kT

VT 172 ) _ 2 kT 312 27mkT .
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Effusion: Langmuir Equation

* *

N _ P N—(cm sec™) = P(atm)x101325 <10~
At (27zka)”2 At MX10_3 B 12
T 600 %107 x1.38x10 23T}
Assume 10! atoms per cm? in the surface monolayer. ) s
For O, (M=32 g/mol) at 300K and at 10-! atm, N _ 272x10B P = 10
about 37sec 1s necessary for monolayer deposition. Az T
To keep the surface clean for 1 hour, the pressure
should be 10712 atm.
o - . Nevapor Pequil
At equilibrium, rate of evaporation is the same as — —
the rate of deposition. At (27mkT)
ex) for liquid Al in vacuum at 1250 K, et NP U2
mass loss due to a hole of 2 X 103 cm? P = A7 (27mkT)
— 1.7 X 107 g/s 5
— Knudsen effusion method =1.30%10"" atm
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Effusion: Langmuir Equation

Knudsen effusion method: it NP ) P [T 12
(valid for Knudsen flow) P = A7 (27mkT) P [E}
Mean free path v
! A= 7 1 ! > a

— = =
(N/Vinc® 76> (NIV) 276 (NIV)

for ideal gas 1= kT

V2762 P

ex) O, gas (diameter =3 X 1019 m) at 300 K
(1.38x1072)% 300 1.02x107
V2723 x10™)2 (Plam x1.103x10%)  Pam)

at 1 atm, A= 10" m
at 10 atm, A= 100 m

A=

(meter)

AMa>1 Knudsen flow
A/ a<0.01 Viscous flow
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Diffusion in Gases

g, =1
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Flux during PVD — Evaporation (Langmuir) or Diffusion Controlled ?

Consider W evaporation at 2473K onto cold substrate along 3cm path.

in vacuum kT .
Pequil —1.2 1 -10 A= =10" cm
3x107" atm \/Eﬂ'(fzp
Sy = N P =4.85x10" atoms/m’ -s

At B (27mmkT)"?

in 0.1 atm N, gas A=10" cm

3/2 3/2
ZE(EJ LT 4 66x107 m?/s

3\« m'? o*P
C=%=£:3.6x1014 atom /| m’
AC
J, =—-D——=2x10" atoms/m’ s
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Flux during PVD — General

Langmuir Equation J N P,

Diffusion Controlled __pAC c-N_7F
Ty =-D Ax V. kT
— PW
" kT,Ax/D
In General
PW

J =
" (mmkT,)"* + kTAx/ D
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Size Distribution of Molecules in Polymer

For a polymer with N, mers (segment) : N, (Avogadro number)

Bz Z X
I

o Z
|

N,=> (X-1)N,

p=1- N
NA

number of segments in molecules

= number of molecules with size X

total number of molecules

fraction of molecules with size X = Ny/N

= number of bonding between segments

NE2AE (S5, degree of polymerization) = N /N,
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Size Distribution of Molecules in Polymer
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Entropy of Mixing in Polymer Solutions - Flory Huggins Theory
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Elasticity of Rubber — Scope

Ref. — Castellan, Gilbert W., Physical Chemistry 3rd Ed., Benjamin/Cummings,
New York, 1983 (Chap. 29)

dU =TdS + fdL
(3 3 (9 13,
Ideal rubber:
B @ )

Polymer molecules themselves are not stretched, but the degree of
alignment 1s changed.

Position of one end of an N-mer with respect to the position of the other end
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Elasticity of Rubber — Statistics of Random Walk

N! Y _1( xj _1( xj
P(N,,N)y=——P,*P™ N,=—|N+= N, =—|N-Z
(R)NR!NL!RL 20 2\
P(x,N) = Uk (l)N

’ (N+x/lj'(N—x/lj' 2
2 JU 2 )

—lnP(x,N)=(N12;len(l+;J+(N12;len(l—%j

X x 1(xY 52

ln(l + —j =— ——(—j InP(x,N)=-——
Nl) NI 2\NI 2NI

x> 1 x°
PX,N :K exn| — = exp| —
() p[ 2N12] 2 NI p[ 2N12]
x* = NI?
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Elasticity of Rubber — Statistics of Random Walk

P(xayaz,N) dXddeZP(x,%) P(y’%

N -3/2
P(x,y,z,N) dxddeZ(Zﬂ?lzj exp
x’+y°+z° =R’

N -3/2
P(R,N) dR = (m?zzj 47R* exp(—

3R?
2NI?

P(z, %) dxdydz

_3(x2 +y° +2°%)
2NI?

j dxdydz

dxdydz = 47R*dR

de

_ -3/2 2
R’ =47z(27z§12] [ R4exp(— 23]5[2} dR = NI?
R
=
N

) TR B
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Elasticity of Rubber — Deformation & Entropy
L=L +AL a=L/L, g=AL/L, a—-l=¢

When a solid with original dimensions x,, y,, z, 1s stretched in the z direction
at constant volume

Z, > A z, Xo = —177 %o Yo = 2 Yo
1/2
(04 a
| | |
_______________ | o |
p #1 | ‘0 [ |
; fj | | |
s // ! ! | !
/s y | i | |
y / ! | | ’
// // |[ i | g
K 0 J t % 20 1 I E
A Y T | [ | f
| | I | | |
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|0 L Vot "
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Elasticity of Rubber — Deformation & Entropy

When a solid with original dimensions x,, y,, z, 1s stretched in the z direction
at constant volume

1 I
ZO_)aZO xO_)al/zxo yo_)ﬁyo
-3/2 ) 2 2
P, ddyd: =(37rN12j expl — 25X E) ) ey
3 2N
2 2 3x*/a+y la+zia’)
P dxdydz = (g ;zszj exp(— ;le ] dxdydz

Flory, Paul J., Principles of Polymer Chemistry, Cornell University Press, Ithaca,
NY, 1960. AS=S,-S, =k InQ, -InQ )

K;—lsz +(01[—1jy2 +(a? —1)22}

AS, =3k /
2NI
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Elasticity of Rubber — Elasticity

ASZ.:—% 2L )Ll
2 |3\« 3 3

Stress

2 2
dGZkTv[l ,L, JdL_kTv(f L j dL _ kTv
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