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Recap from last session

* Polymerization
* stepwise vs chain type (with 3 steps)
* kinetic chain length A and degree of polymerization (N)

* Kinetic theory of gases : : e : :
* |deal Gas Law: PV = NkgT = nRT
* only kinetic energy, collisions elastic
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Recap from last session

* Maxwell-Boltzmann velocity distribution
2

muj
: : . = m T 2kgT 4.
in 1D: f(uj)dul el 2kBT du,
E muz
in3D: F(u)du = 4m (2711: T)Z u?e 2kBTdy
B

* and how curve changes with composition .. '

& with temperature

* how to measure speed distributions
experimentally (Doppler or slits machine)
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Chapter 5

Collisions



5.1 Collisions with a wall

* Wanted: the collision flux Zg|
Zcoll = number of molecules hitting 2

Approaching
[ molecules

a surface per unit time and area

* use Maxwell-Boltzmann distr. F(u) to
calculate the density of molecules 0
Pu,0,p Moving with speed u and polar
angles 0 & o

sin 0d0ddg

41T

Puo,p = P F(u)du

|

p : gas density
(particle number per volume) =x |




* Wanted: Collision flux Zgel
= number of molecules hitting surface per unit time and area

Approaching
[ molecules

e particles will take time At to hit surface area A
* thus crossing the distance u,A4t z

* only those count that approach within an
oblique cylinder
 the number of moleculesinarea A in At is

Nuo.p = VPus e
=A-ucosf At-p F(u)du

all molecules that relevant surface

move with speed element / total
between u and du surface area (4m) x ]

sin HdBdcp




* Wanted: Collision flux Zgeoll

= number of molecules hitting surface per unit time and area

* The number of molecules inarea A in At is
Nyggp =A-ucosfAt-p F(u)du

* Flux Zgo|| 4 0,4 OFf Molecules with given param.

sin 0dO0ddg

by dividing by A At (as defined):

N u,0,¢

Zeollu,6,9 = "aa;
— ﬁuF(u)du cos 6 sin 6 dOd¢

meaning:

since

Zcollu,g,¢ & u
u F(u) < u?

X

41T

Z
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Approaching
[ molecules




Nu,0,¢ p

* Collision flux zgo 0,6 = o = 3o WF (Wdu cos 0sin 6 dfd¢
meaning: Zoollug,e U Approaching
: L z molecules
) since uF(u) < u? N [

mu?
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* Collision flux Zeg (w66 = N:ff = ﬁuF(u)du cos 8 sin 6 dOd¢

* Obtain total collision flux zs || by integrating over
all speeds & angles

Note: only molecules with 0 < 0 < /2 will
hit the surface (molecules can only hit from

one side: the top)

Zeoll = ﬁ fooo uF (u)du fon/z cos 0 sin6 do fozn do

\
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. kgT
Zeoll = (|2, mP

Quiz: Calculate the collision flux of nitrogen at 300 K and 1 bar.

1,442

Zeoll = 3x10%7 s 1m

that's approx. 3 collisions per ns and per nm?!!!

10



5.2 Effusion

Partition : :
Diffusion through
$ol &2 Dhttician 0.8 conventional opening:
0 of b | Lel.% " Zo If opening larger than
C ()
g R, e IR mean free path of
O
. T - molecules
Partition .
| Effusion: when gas
o () (#)
L i o| kg escapes through a small
0% Effusion (% S T - .
oo of 0 — SO ole into vacuum
e ) e (often in surface
© o 3 o| ©
(#) o o

science!)
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5.2 Effusion o Alleo
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Is rate of escaping molecules through hole Soll Lol

effusion

* from before this just means itis related to collision rate and hole
with area A through

— — kBT 1 » b/ »
. keffusion = Zcoll 4 = /%p A X \/% Graham’s Law

* How to measure? Through pressure p instead of density p
* l|deal Gas Law: pV = Nk, T knT A

* Substitute p = % =p/(kgT) = Keffusion = pA

2rm” \/Zm’nkBT
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e but also useful for:

Knudsen Method

* Challenge: generally itis hard to determine the vapor pressure p of
liquids or solids using just a bulk barometer

 |dea: put compound in container with small hole of known area A

* Putinto avacuum and let gas molecules escape through hole

* Measure rate through mass loss per unit time

* Rate of thatis kaff;5iopn» SO We can derive p knowing A and m
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kpT DA sl
. — e A — ol
effusion = \[2am P = ammkpr

k

Conditions for Effusion:

assumes equilibrium (although we got a hole in container!)
If pressure is really high in container: supersonic expansion
(super fast release of molecules into vacuum)

- need to assume low vapor pressure: If gas density is low
enough, molecules won’t interact with each other, and the
equilibrium remains undisturbed

- Mean free path (the molecule travels before colliding with
another) needs to be long compared to hole size, so no
collision/speed distribution alteration through the hole
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5.3 Collision rate and mean free path

* Assuming molecules are hard spheres again, with diameter d
* Now let molecules collide with each other, want to get collision rate
* Collision if two spheres are closer than their diameter d

Miss |

Just hit :
Just miss 15



» Collision cross section: o = md?

 within a time A4t, a molecule on average sweeps out a cylinder of
volume (V) = o (u) At with a gas density of p

* thus, the molecule undergoes AN p o(u)At collisions

coll —

AN
coll _ po(u) = po 8kpT

* We define the Collision Rate z, as: z, = " m

now what about the stationary bit...?
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AN
coll — pO'(U) = po 8kpT y

.

At mm i
. A\
* Instead of average speed of single molecule (u) we *-

Collision Rate z, as: z, =

G

N<(1
Just hit

use average relative speed of two molecules (u,g) = (|uy — ug|)
> (V) = o (u) At becomes (V) = o (|u, — ug|) At
* We move to a center-of-mass coordinate system and find

L 8k, T
(Ugp) = (luy —upl) =
N H
with reduced mass yu = 7211";2
1 2

* Form; =m, =m weobtain u=m/2 andthus

8kpT 8kpT
zy = poluag) = V2po(u) = \2po / —>= = po / -




8kpT
mTm

zy = poluap) = V2po(u) = \2po

Quiz: Calculate the collision rate of a single nitrogen molecule at 300 K
and 1 bar, assuming ¢ = 0.450 - 10718 m?Z.

e We find: z, = 1010 s71

—>That’s a high rate! Every 100 ps one collision on average!
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* Let’s define the mean free path | as the average distance a molecule
travels between collisions:

=2 2
_ZA_\/EPO'

Quiz: Calculate the mean free path of nitrogen at 300 K and 1 bar,
assuming o = 0.450 - 10718 m?Z.

e We find here [ = 65 nm
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Alternative derivation of the mean free path [:

 The number of collisions dN per unit length dx is:

an _
— =0p N =pV

* Consider a beam of n molecules (initially n,) crossing a volume
containing a gas

* The beam gets attenuated because of scattering with that sample

- the number of unscattered molecules in the beam n decreases over

. . d dN
distance with rate: Z=pn—= —nop

dx dx

* Integration yields: n =ngye P*
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Alternative derivation of the mean free path [:
X

— —0pPX — 7
n =nge 7°* =nye 1

: : . : 1
* We get an exponential decay with characteristic attenuation length -

I i «in 1
which is the mean free path “[” as -

* Note: we miss a factor 1/\/5 because again we incorrectly assumed
stationary molecules for collision 2 [ =

V2ap
* Probability for a molecule to undergo a collision at a distance x is:
an  x
p(x) = —% =-e ! integration yields
0

rOO

0

* the expectation value for a scattering event(x) = |~ x p(x)dx =1

21



Measuring the collision cross section:

* Measure attenuation of a molecular beam crossing a gas cell as a
function of pressure (and composition)

1 T T
0 CsCl! beam ——

* Transmission drops exponentially,
as expected (here plotted as log y)

Transmission

* From slope can work out mean free
path length etc.

10° xP/torr
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Lastly, we define the total collision frequency z,, or Z,p:
* |n a pure gas, the total frequency of collisions per volume is

~ _1Z_1 20_ 8kpgT
AA = S PZa =P -

* Note: we introduced factor %2 to avoid double-counting collisions

* In a mixture of gases, the collisions between molecules Aand B is

Zap = 045 UaB)PAPB

S8kpT mam
B and 0= AMmp
TU map+mpg

2
with (uyp) = dA+dB)

and o, =TL’( x
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