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Transport laws: a recurring structure
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Onsager (1931): Thermodynamics of irreversible processes

Jtiuia Lauia X AP
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Onsager (1931): Thermodynamics of irreversible processes

jfluid fluldAP +Lglu1dAC +L£uldAT +Lﬂu1dAVel
]solute . LaoluteA‘D +LsoluteAC +LsoluteAT +LsoluteAVCl
jheat heatAP +LheatAC +LheatAT +LheatAVel

}Charge LchdrgeAP +LchargeAC +LchdrgeAT +LchargeAVC1



Onsager (1931): Thermodynamics of irreversible processes

Jfiuia Liwia  Lfiuia Lfiuia Lfwia AP AP
Jsolute | _ Leotute  Lsotute  Liotute  Leotute % AC | Lx AC
Jheat Lheat Lfcat Lheat Libat AT | AT
Jeharge Lchdrge Lgharge Lcharge Lcharge Ave! Ave

Onsager Matrix : L = transport properties of (S) ‘

1968 Nobel Prize in Chemistry
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nanoscale

Soils Cells

&
Cytoplasmic side

Zheng et al. 2023 Padhi et al. 2017

Experimental reality New grounds
A B

Boron Nitride Graphite

Thorneywork et al. 2020 Helms et al. 2023

- There is no such thing as a bulk stationary fluid at the nanoscale.
- This is the regime where emerging technologies operate.
Coefficients might not be enough, can we do better? 3



Promoting coefficients to fields
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Promoting coefficients to fields

Classical coefficients framework

Ja=> LlaFp, a,b="fluid, solute, heat, charge..
b

Field-based framework

t
o)== [ [ Ralrrt =) Vo(r,tyar ar
b VJ—oco

Ja = ja(r,t): current density (a) at position r and time t
Fp = —Vau(r,t'): local thermodynamic force (b) at r' and time t/
Lap = Rgp(r,r',t —t'): generalized transport coefficient

| Coupled responses through space-time convolution



Averaging microscopic transport

Integrating Ry (r, r', t) over space and/or time
= Averaging assuming homogeneous and/or constant forcing

Recovering the traditional coefficients

t
Lep = lim / //Rab(r,r/,t)drdr’dt,
t—oo 0 vJv

and many other intermediate projections!



Averaging microscopic transport

Integrating Ry (r, r', t) over space and/or time
= Averaging assuming homogeneous and/or constant forcing

Recovering the traditional coefficients

t
Lep = lim / //Rab(r,r/,t)drdr’dt,
t—oo 0 vJv

and many other intermediate projections!

What does Ry (r, I, t) look like?



Jn
fluid

Js
solute

Jn
heat

Je
charge

Rap(r,r',t)

pressure

-VP

chemical pot.
_V/Ls

Rap(r,r', t) : @ high-dimensional object

temperature

-vT

electrical pot.
_vvel

Ri (7,7, t)

R (7,7 1)

R (7,7, )

RY(7,7,t)

RY,(7,7,1)

RY(7,7,1)

Ry,(7,7,t)

R (7,7',t)

R} (7,7,t)

R} (7,7t

R, (#,7',1)

RY(F,7,1)

RY(F,7,¢)

Ry,(7, 7, 1)

RU(F,7,1)

size ?




Js
solute
Jh
heat
Je
charge

pressure  chemical pot. temperature electrical pot.

_v,us _vvel

Rap(r. 1’ t) =16 x C (R*1 R¥*?) = 16 tensor fields on R’

— MASSIVE! How can we sample it?



Accessing local transport in high dimensions
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Accessing local transport in high dimensions

Nonequilibrium MD

Equilibrium MD
You apply and you measure

You let the system explore itself

— \I)bnd

({fd"b}

The average regression of fluctuations will
obey the same laws as the corresponding

. . . j r7 t ®j r/7 0
macroscopic irreversible process. Rap(r, 1, t)= M

RgT
L. Onsager, 1931




- Charged tertiary L) fluid (~ 30000 atoms)
- T="14, por ~ 0.7, V~50 x50 x20

* ps/prot ~ 0.25, g+ = £1, €eg =1
- Thermalized solid with surface charge ¥ = —0.1



Molecular Dynamics simulations of confined fluid

Density profiles

— Mass Solute =—Enthalpy == Charge

~10 5 0 5 10

- Charged tertiary L) fluid (~ 30000 atoms)

« T="14, pior ~ 0.7, V~50 x50 x20

* ps/pros ~ 0.25, g+ = £1, €reg =1

- Thermalized solid with surface charge ¥ = —0.1



Molecular Dynamics simulations of confined fluid

Exploiting the effective 1D geometry:
. . 1 /. a
.00 = ¢ [in0 2 ds

S

1 ~ ~ ’
Rav(r,r',t) — Rab(z7z’7t):§// [ -Rap(r, 7, 1)-&] d’sd’s
SJS

=16 x C(R*,R) = 16 scalar fields on R’ o



Beyond Poiseuille R,,(z,Z, t)

Jn
fluid
Js
solute
Jh
heat
Je
charge

pressure  chemical pot. temperature electrical pot.
—-VP —Vips VT _yye
Ron(2,2',t) | Rps(2,2',t) | Run(2, 2’5 ) | Rue(z, 2, 8)
Rn(2,2',t) | Rss(2,2',t) | Ren(2,2',t) | Rse(2,2', 1)
Rpun(2,2',t) | Rps(2,2',t) | Ran(z, 2, t) | Rue(2, 2, 1)
Ren(z,2',t) | Res(2,2',t) | Ren(2,2',t) | Ree(2,2',8)




Beyond Poiseuille R,,(z,Z, t)

Js
solute
Jh
heat
Je
charge

pressure
—VP

chemical pot.
—Vits

temperature electrical pot.

-VvT

_VVel

R,s(z,2',t)

Rn(2,2',t)

R,(2,2',t)

Rgn(z,2',t)

Rys(2,2',t)

R (z,2',t)

Ry(z,2',t)

Rpn(2,2',t)

Rps(2,2',t)

th(z,z',t)

Rp(2,2',t)

Ren(z,2',t)

R.s(2,2',t)

R (z,2',t)

R..(z,2',t)




Beyond Poiseuille R,,(z,Z, t)

Ron(z2,2,t)



Beyond Poiseuille R,,(z,Z, t)

Ron(2,2',t)
/<~)dz'[

Kn(z,t)

Gnn(z, 2")
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Beyond Poiseuille R,,(z,Z, t)

Knn(za t) Mnn(z)

Crin(t) , Lan(t) Gun(2,2")




Beyond Poiseuille R,,(z,7
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* Space-time resolution of transport - Layered structure close to interface



Beyond Poiseuille R,,(z,Z,

1 0 1 2 3 5 0 5
logy(t) z
-+ Space-time resolution of transport - Layered structure close to interface
- Position-dependent relaxation due - Slow viscous effects and large

to inhomogeneous density correlation time and length 9



Beyond Nernst-Einstein R.(z,Z, t)

pressure  chemical pot. temperature /€lectrical pot
-VP —Vis -VvT _vvd
ﬂjnd Rnn(zazlat) Rns(zazl7t) Rnh(zazl7t) Rno(z7zl7t)
ui
sojllsjte R (2,2',t) | Rss(2,2',t) | Ran(2, 2',t) | Rec(2,2', 1)
jh i / / /
hoat Rpn(z,2',t) | Rus(2,2',t) | Rpn(2, 25 t) | Rpe(2,2', 1)
Ro(2,2',t) | Res(z,2',t) | Ren(z, 2, 1)




Beyond Nernst-Einstein R.(z,Z, t)

- lonic friction and relaxation - Fast dynamics and short correlation



Js
solute

Ren(z,Z,t) and

chemical pot. temperature /€lectrical pot.
—VP -V, -VT _yyH
Rn(2,2',t) | Rps(2,2',t) | Run(2,2',8)
Rn(2,2',t) | Rss(2,2',t) | Ron(2,2',t) | Rse(2,2',8)
Riun(z,2',t) | Rus(z,2',t) | Run(2,2',t) | Rpel(z, 2, 1)
Reo(2,2',t) | Ren(z,2',t) | Ree(2,2',1)

1



Streaming current R.,(z,Z,t) and Electroosmotic flow R,(z,Z, t)

Streaming current: Ken(z, t)

logyo(t)

VP — jcharge(z, t)
1 t

flow — charge drift

Uniform drift of charge carriers



Streaming current R.,(z,Z,t) and Electroosmotic flow R,(z,Z, t)

Streaming current: K (2, t) Electroosmotic flow: Knc(z, t)
10 10
o Ken(z,t) O Kne(z,t) 5
Bl — = 10—
Cpn(t ‘ 5 Chelt) 5
l\w 0 2 ‘L— 0 2
[l Genle, ) 5 Gudz,?) L5
1 0 1 2 3 5 0 5 -1 0 1 2 3 5 0 5
logyo(t) z logyg(t) z
VP — jcharge (Z, t) Vvel — jfluid (27 t)
1 t 4 )
flow — charge drift charge sep. —> stress
Uniform drift of charge carriers Viscous diffusion




Streaming current R.,(z,Z,t) and Electroosmotic flow R,(z,Z, t)

Streaming current: K (2, t) Electroosmotic flow: Knc(z, t)
10 10
o Ken(z,t) O Kne(z,t) 5
Bl — = 10—
Cpn(t ‘ 5 Chelt) 5
l\w 0 2 ‘L— 0 2
[l Genle, ) 5 Gudz,?) L5
1 0 1 2 3 5 0 5 -1 0 1 2 3 5 0 5
logyo(t) z logyg(t) z
VP — jcharge (Z, t) Vvel — jfluid (27 t)
1 t 4 )
flow — charge drift charge sep. —> stress
Uniform drift of charge carriers Viscous diffusion

Ken(2,t) # Kne(z, 1)

«Spatial breakdowns of Onsager reciprocal symmetry 2




4 x 4 coupled kernel

JIn
fluid
Js
solute
Jn
heat
Je
charge

pressure  chemical pot. temperature electrical pot.
-vpP ~Vis -vT _vyd
Kpn(z,1) Kps(z,t) Kon(z,t) Koe(z,t)
Kn(z,t) K(z,t) Kg(z,t) K(z,t)
Kmn(z,t) | Kns(z,t) | Kwn(zt) | Khe(z1)
K. (z,1) K.(z,t) Kep(2,t) Keo(2t)




4 x 4 coupled kernel

pressure  chemical pot. temperature electrical pot.
—-VP —Vis -vT _yyd

Jn
fluid

Js
solute

Jn
heat

Je o 4]

charge




Reconstructing time-dependent profiles

Step-response to uniform forcings

14



Take-home message(s)

1 Nanoscale transport is spatially and temporally structured.
2 Transport coefficients can be promoted to space-time fields.
3 Fluctuations provide efficient access to these properties.



Towards exciting technologies

Can Rgp(r, r',t) be engineered?

Feng et al. 2015

Tailored energy storage and recovery
Selective water transport & desalination
Tunable electrohydrodynamics
lontronics & Neuromorphic computing




Take- e message and outlook

Confinement reveals structure
Coefficients are projections
Music is hidden in the noise

Room for structure-aware inference

Towards exciting technologies

? priNceToN ISl Thankyou for your attention @ US. DEPARTMENT | Office of
D i n
UNIVERSITY o mh7003@princeton. edu of ENERGY | Science



Did we really violate Onsager reciprocity?

10

Rap(2,2',t) = Rpa(Z, 2, 1)
— Lab = Lba

75 Kub(Z, f) = KDG(Z, t)

10 #> Map(2) = Mpa(2)
+1 = Onsager is safe
0
1 Grojen(2,2) [
T R SR T S
logy(?) <

Rab(2,2,t) = B (ja(z,1) jo(Z, 0)). , ab_/ // Rab(z,7',t) dzdZ' dt

Rab(z,z b)) = Rba(z ,Z, —t)bea(z ,Z,+t)



The Real Onsager matrix

pressure  chemical pot. temperature electrical pot.

—VP(z") —Vps(z) -VT() -vvei)

in(2)
heat

Je(2)

charge
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