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Single File Diffusion

© © 60 ©

5 10

—10 —=3
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SFD ingredients: " Order preservation
" Free diffusion between collision events



SFD - examples

Diffusion in micro/nanoporous materials

Hahn, Karger, Kukla, Phys. Rev.
Lett., (1996)

Mukherjee, et al., ACS Nano (2010)



SFD - examples

Transport of ions through nanopores

Hodgkin, Keynes,
J. Physiol., (1955)

Jensena, et al., PNAS (2010) (
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SFD of colloidal particles

620 nm particles diffusing in the baths
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Trapping and dragging particles with HOTs




Experimental data

N=3

o R=250nm, L =5pm
o R=250nm, L =7um
R=250nm, L =12um




I, b,

R=250 nm
30 | .
o L=5pum
- 0O LC=7 wm
L =12 pm
20 —
10 % % —
¢ ¢
0 I I
2 3 4
N

Experimental data




Emptying process
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L2 x (MD units) L/

absorbing boundary absorbing boundary

We want to characterize the probability of having at least one

particle inside the channel [-L /2,L /2] Sl (t‘N,, LC? L())

Mean First Passage Time = Characteristic survival time

Tl(N? LC? LU) — / S(t‘Na LC? LO)dt
0



Emptying process

/2 x(MD units) L/

absorbing boundary absorbing boundary

We want to characterize the probability of having at least one

particle inside the channel [-L /2,L /2] Sl (t‘N,, LC? L())

For Single File systems we can reconstruct this process exactly,
using the Reflection Principle Method



Reflection principle method

Mapping of the Single File into a non-interactive system

Interacting Reflection Principle
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Reflection principle method

Mapping of the Single File into a non-interactive system
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Reflection principle method

Mapping of the Single File into a non-interactive system

Interacting Reflection Principle
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Essential ingredients: " |dentical particles
" Elastic collisions



Reflection principle method

Mapping of the Single File into a non-interactive system

Interacting Reflection Principle
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Essential ingredients: " |dentical particles
" Elastic collisions



SFD - Emptying probability

Using the Reflection Principle method, it is possible to map a
Single File system to the non-interactive equivalent



SFD - Emptying probability

Using the Reflection Principle method, it is possible to map a
Single File system to the non-interactive equivalent

Single File of point-like particles (uniform initial conditions):

1 — Sl(ﬂN; Lc;LO) — [1 T Sl(t‘lﬁLC?LO)]N

/ \

N particles survival probability Single particle survival probability
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SFD - Emptying probability
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SFD - Mean Emptying Time

It is possible to integrate the last formula to obtain an analytical
expression for the Mean Emptying Time, valid for point-like
particles

L2
Dy

Ly
L.

Tl(N? LmLO) — g N?

Valid in presence of small forces kg1l > F. L.
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SFD - Mean Emptying Time
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SFD - Mean Emptying Time

It is also possible to include excluded volume contributions to the Mean
Emptying Time using an effective theory, defining an effective channel
length

N
Ty — Tisa] (Lo — 2(k — 1
Lot s (N. Lo, Lo.T, R) = 2t [Th = Thn] (Le = 2(k = 1)R)
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SFD - Mean Emptying Time

It is also possible to include excluded volume contributions to the Mean
Emptying Time using an effective theory, defining an effective channel
length

>kt [T = Tioa] (Le = 2(k — DR)

Les¢(N, Le, Lo, T, R) = T
1

and substituting it into the analytical expression valid for point-like particles

Lest(N, L., Lo, R)? Ly
Tl(N? LC}LO?R) — ff(Dl(R (I)) ) .g (N? L_)
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SFD - Mean Emptying Time
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SFD - Mean Emptying Time
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SFD - Mean Emptying Time
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Conclusions

v We studied the escape properties of Single File systems of
colloidal particles in presence of absorbing boundaries

v" We studied the emptying process, finding an analytical
solution for the Mean Emptying Time either in the presence
and in the absence of an external force

v We provided an effective theory to account for excluded
volume contributions to the Mean Emptying Time

v' These results are in excellent agreement with experimental
data of colloidal particles in microfluidic channels
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MSD (mean square displacement)

SFD - MSD sketch
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MSD (mean square displacement)

SFD - MSD sketch
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MSD (mean square displacement)

SFD - MSD sketch
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SFD - MSD sketch
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MSD (mean square displacement)
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First passage statistics

Survival probability

e L)

Probability that a particle, started from 2o, is still inside [—L/Q, L/Q] attime t




First passage statistics

Survival probability

e L)

Probability that a particle, started from 2o, is still inside [—L/Q, L/Q] attime t

Mean First Passage Time = Characteristic survival time

Tl(XOaL) — / S(t|X09L)dt
0



SFD of colloidal particles - experimental setup
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Objective

from Pagliara, Schwall, Keyser (2012)

Tracking experiment

Custom-made microscope
Holographic optical tweezers
500 nm polystyrene particles

Tracking routines
(Crocker, Grier, 1996)



SFD of colloidal particles - experimental setup

" ap

Objective

from Pagliara, Schwall, Keyser (2012)

PDMS chip is obtained by replica molding
Chamber is made of two reservoires
connected by eight sub-micrometric channels

Tracking experiment

" Custom-made microscope
" Holographic optical tweezers
" 500 nm polystyrene particles

" Tracking routines
(Crocker, Grier, 1996)

PDMS

Silicon

from Pagliara, et.al (2011)



Experimental data

"(a) Chip at equilibrium

17 (b) Chip out of equilibrium

'
!
!
!
!
!
)
!
!
!
!
'
!
!
!
!
!
!
!
!
)
)
!
!
'
!
1
o
Jr—f

Channel number

3

11 12
Channel number



S(t/T,IN,L)

O
N

—
B

S
b

Experimental data
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Experimental data
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