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1. Introduction

Nonequilibrium thermodynamics
linear relation between reaction flux and chemical potential differences

2A = A,,
r =—Lr£ Ag = pa, — Ha
T
Correct for small departures from equilibrium [AgM/RT| <« 1 M = 2My = My,

In general, reactions evolve according to law of mass action

Is it possible to derive consistently
from non-equilibrium thermodynamics formalism?

Consistent coupling to other transport processes
Include thermal fluctuations




2. Mesoscopic Non-Equilibrium Thermodynamics

Need to expand the parameter space and account for
the detail of the reaction process

Reaction complex as an multicomponent mixture:
Compact variable: natural coupling to spatially dependent variables

p(, V(1) = [ p(r,7, 0)v(r, 7, 1)dy.
Jant) = pp)Ov@n) — vne)

fol l()d . 0.

r(l) = n0) = 0.

Natural connection to Eyring/Kramers picture of a chemical reaction from
thermodynamic perspective

Generalized to other kinetic models
assume separation of time scales (can be relaxed?)




2. Mesoscopic Non-Equilibrium Thermodynamics

Density along internal coordinate as a probability
connection to kinetic description: Kramers'’

Apply non-equilibrium thermodynamic formalism from Gibbs entropy

R 1

s(r,t) = W ;

c(r,y. t) Ine(r,y, r)dy,

1
T(r,t)s(r,t) = hir,t) / clryy, ey, 1)dy.
0

: : : RT(r,1)
Chemical potential of a mixture ur,y, 1) = —5—Ine(r,y,2) + h(r,y, 1),

Extreme values: Effective potential: reaction complex

connection fo chemical species

h(y)
u(r0,0) = pp (r,0)

u(r.1,) = pa, (r.0).




2. Mesoscopic Non-Equilibrium Thermodynamics

Obtain balance equations:

Dp(r,y,t) or(r,y, 1) Dp
——— = —p(r,, )V -v(r,t) = V- J(r,p, ). 22/ — V:-v=10
Dt p(r,y,1) (r, 1) (r,7,1) B D+p v

Dy

—+Vp =V _-IL

/)D + Vp

. br  _Dp o Dely) _
/)(I)E ./TD +/)/(; h() Dt d‘« = -V Jq

Derive flux/force relations from entropy production in extended space

- | . YU Vv () Ou(y)
F=—1, T - / J0)- v“;) SIS PR CAJMEIES | RS /0 BUS 4y
JO

T? T r T oy
vT 1 Ju
J(7) = —Ly(; )T— Ly(7)V % r(7)=—L(y) = l(}( )
' ! !
oy —, ov; ()Vj 2 5 f() LJll (:")d:" - f() L«[J(:") d:" =0
J 0\] 0\, .

Jo Lus()V[u(z)/T)d

chemical viscosity neglected
Active process at an interface: additional flux/force couplings




2. Mesoscopic Non-Equilibrium Thermodynamics

Reaction along internal coordinate
transformation reactants -> products

M h(r,7, t)] « ﬁexp [Mu(r )]
) )

I'(l'_,'}‘_,f) = —D,(l', f)[)(l', ’) exp |:_ RT(I’ t (‘)5. (

— RL,(I',}‘, t) . RLI‘(ra:“at)
Diffusion in terms of Onsager coefficient  Dr(r.1) = Mp(r,7,1)  Mp(r,t)e(r, 7,1)

r(v)/r(y,)
Quasi steady state assumption () = ()OOl — ). 0 ’
high energy barrier reaction complex
: Y
1(y) ; | % v

‘U(I',}',f) = ,ll(r,O,t)@(}'() - :‘) + [l(l',l,t)@(}' - :"())

= BA(LD)O(pg — 7) + pa (OO — 7).

Identify reactants and products in two basins

70 1
C?.A(ra t) — / ('(l’_, 7 f)d:" ('Ao( t) - / ( r,7, t)d:"
JO Yo




2. Mesoscopic Non-Equilibrium Thermodynamics

Identify local reaction flux

(r Mh(@) | _ Mh(0)
Ic(r, y, 1) exp [RT(r, t)] c(r,0, ) exp [RT(rﬁ 1)]
r(r,t) = — D.(r,t)p(r,t) 7 MG
1/ d /I
l /0 exP[ RT(r,0) ] '

Compatible with law of mass action
Gulberg-Waage

r(r,t) = ki (r,f) coa(r,t) — k_(r,t)cAZ(r,t)

Thermodynamic expressions for reaction constants




2. Mesoscopic Non-Equilibrium Thermodynamics

Connection kinetic/NET expressions/concepts
D,(r,1)p(r,1)

' Mh(;) . [ Mh(y) |
/0 eXp [RT(r, r)]d" /0 eXp!_ RT(r, z)]d’

Connection kinetic/NET expressions/concepts

k_(r,) =

r(r ) = — Lr(;alf)R {1 — exp [— A]i?‘iirr)t)] }

wa"(rﬁ t)/)Az (l', t)

M
Le(r, 1) = R/'ex Mh(r, 7, 1) dﬂ,/'ex _Mh(y 0] R0 0Pa (1 0)
Jo SPURTG |7 ), P RTG |

/

Identifies fugacities as relevant quantities in law of mass action fi = exp(Mu/RT)




2. Mesoscopic Non-Equilibrium Thermodynamics

Transport coefficients in the presence of a chemical reactions:
integrating over internal variable

vT Ha, — Ha vT Ag

Jo= Ly~ LV —F— =Ly~ LyVy
vT Ha, — I VT Ag
J'——L_MF—L_UV\-T\ —_qu?_LJJV?

Effective kinetic coefficients in ferms of average over internal
coordinates

! Yo 1
L(]J - / qu(.)‘)d./" - - / Lq_[()‘)d)v 2Ly = / LJJ(,‘)d)‘

Yo JO o

Effect of chemical reactions on transport coefficients

L_/_/ ()Ag . 1
D =— - A==
pT \ dc T 72

sz

Nonlinear effects of r'.eachon may . _ (ﬁ) Lk, (()Ag)
lead to relevant couplings 1 P




3. Fluctuating MNET

Generalize the formalism to account for hydrodynamic fluctuations

Express including variations along internal coordinate

Exploit the standard formalism from NET

vT ( .
3L [ L D rar, 90 = ~Lu0) g - L)V 4 83()
ovi odv; 2 . 1 Ou(y)
(st)_ i (st) V) o— . o o
o (0\1 2259 )+(>n,.j 1) = L) g+ or()

Gaussian fluctuating fluxes that satisfy detailed balance in extended space

(83 [r,0)) = (3J(x, 7, ) = (SNM(r,0)) = (61l(r,0)) = <<5rp, 7 0) =0

(5r%(r, 3, 1) - r(c', 7', 1)) = 2kgL, or, 7, 1) 5(t — ') O(r —1')o(y —7")

(0T (x,1) - 01 (¥, 1)) = 2kpLago(r, o (t — £)3(r — ')

<(SJ,:(I', 7 t) ()J I(r t’)> — 2'1‘BLJ¢]0(r3 i t) ()/\1 ()(t - /) ()(I‘ - I')




3. Fluctuating MNET

How do we derive the properties of the random fluxes in real space?

Need to integrate over internal coordinate

r(r,t) = — D.(r,t)p(r, 1) exp[— M] 9 [M

- r(r, v, t
RT(r.0) | 07 P RT(r,1) ] For(e,7,1)

In quasisteady regime: total fluctuating reaction flux uniform

e(r, 1,7) GXP[A/Z'&;I;;) ] —c(r,0,1) exprg}z’ro;)’ ) ]

Y [Mh(x,y,0)] +or(r,1)
|, oo

r(r, )= —D:(r,1)p(r,1)

|
Mh(r,y,1)] .
LR ). ,ﬁ,',td‘\f'
/0 eXp[—RT(r,t ]u(r, y, t)d;

: Mh(r,y,1)
e —|dy
) ""[an] '

or(r,t) =




3. Fluctuating MNET

Integrated fluctuating fluxes retain its Gaussian character

(or(r,t)) = 0
(or* (v, )or(r', 1))

L MGy, 0] O\ [2Mh(r, ) o
2D,,0(r,t)nvaZpO(r,t){./O explm]dy} A exp[m]co(r,,,t)d,O(r—t)o(r—r)

If reaction controlled by the reaction complex

{or*(r, t)(Sr(r', /)) = mafky o(r,0)c2a0(rt) + k_o(r)ca,o(r.n)] o(t — 1) o(r — ')

= —kgL,(r, t){l - exp[— %} }(5(f —1)o(r—r')

Consistent with law of mass action

Second moment has a clear thermodynamic interpretation




3. Fluctuating MNET

The same procedure can be applied to all fluctuating fluxes to derive
the corresponding second moments in real space

. - /o l
S (1) - oJy(x, ; ) '
<(' Jq,k(r., t) C J/(l' )> <()J;,/\'(r1 t) ' / ()Jl(rls Vil )d:‘>
. :'0

= 2/\’BLJ¢1,0(1', t)0r0(t — t’)d(r - l‘l)




4. Reacting mixture under a thermal gradient

Effect of non-linear kinetics in correlation outside equilibrium?

Consider a fluid mixture reacting under a thermally imposed gradient

. 2 2
What is the reference steady state? 0= -1, (L) 41, L (A%
dx2 To (1.\’2 To
. . . (12 1 d2 Ago
0= —Lyj——)+L,,— (=22
Assume a conducting configuration o (TO) + Lo ( T )
ol ] I L,.L
2N — = | reaction penetration depth
\:/ 0.5 \ : d? (LJJqu - LJquJ)
i L (aAg) [l+<eo+kTAﬁ)2]
= =
To 0 \ 1 pDT \ dc ), Leep
& -1.0+ \
10.0 /] ('): | |
{—‘; 7.5 / 1 o:s- /'—\
E 5.0 4 0.74 ’,’
30 0.0 S g
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4. Reacting mixture under a thermal gradient

Linearize around maximum flux

neglect details of boundary conditions

neglect dependence transport coefficients on temperature

gravity longest length scale

assume large Lewis number ar = Ar/pcp

Le=ar/D

1
0 = wV*v, + —{V x V x (V- §TT")},
£0

3 P \ v v
‘—8(‘ + 51.‘_1V(‘0 — DOV28C _ Lr.O exp _IWAgo dAgg Sc ) ,
dt poTh RTy dco )1 — EV 8] + %3,

Analyze correlations of concentration fluctuations

(8c*(w, q)5.c?(w'~ q'))




4. Reacting mixture under a thermal gradient

Mode-coupling
SCC.O(a)? w/’ (l- (l’) — S(‘(‘.O(a)» C])(zﬂ )45(60 - 60')5((1 - (]’)

Non-linear concentration profile

’ / ' / N ’
See,1(w, o', q.q) = See,1(w, qys 9xs 4y )(2”)48((0 —w )6((]" - q")ﬁa(q—\‘ —qy)

)
dqy

SCC.?.(O-)9 wla q, ql) = S(‘(‘.Z(ws q"a qxs q: )(2” )48((0 - w’)a((I" - (]i|) S(QX - Qi)




4. Reacting mixture under a thermal gradient

Main contribution

See.0(w, q) = Sf‘f)(a). g)y 1+

S(@(w.q)

C

2 L aA
L 2| Dod® + 7 (%)
. kBTm (aAg) ! |: od + PoTm - T.m:|

Lo dc T.m 0.)2-|- D 2+ L.o aAg 2
04 woTm \ 0 )7 0




4. Reacting mixture under a thermal gradient

Correlations in static correlation

i som 2 CERL! (935)
o T.m

Seeo(@) =S¢ 14 87— vo Do dc
q* [q“ + F]

Amplitude quadratic in gradients ]
Crossover at penetration length @ j
o

Z 3 ]
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5. Conclusions

MNET consistent framework to account for kinetic
processes in a thermodynamic description

Law of mass action comes out naturally
Connection with thermodynamic quantities

Internal variables
Identify fluctuating fluxes
generalized to coupled reactions

Fluctuating MNET

Effect of law of mass action on non-equilibrium correlations
Enhancement of correlations
dependence on penetration depth




