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Physically , when the system evolves once

around the cycle c , an amount of energy
Ez - E, is transferred from the hot

reservoir (Tn ) to the cold reservoir (Te) .



Example 2- i

consider a single molecule (system , s )
immersed in an aqueous

solution (Hao)

contained other molecules of types
A , B, C, 8D . S has 3 states .

Assume Na , NB , Nc , ND Ssl (but Ns =D .

2

⇐
AtB GD

S can make transitions I ↳ 2 f 2 es 3

due to thermal fluctuations , but it can
proceed I → 3 only by catalyzing the reaction

AtB → CTD , f it can proceed from 3 to I

only by catalyzing CTD → AtB .
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The transitions I H2 f 2*3 satisfy det .
balance :

4¥
,

= e
- P ⇐ -⇒

,

Rz
,

= e
- p ( Ez

- Es)

( thus if there were no A
,
B
,
C
,
D in the solution

,

we would have a tree graph
,

A.
,

& S would relax to an equi l. state
described by the Boltzmann district

'

n )

what about R, f Rs . ?

Let's write Rp÷= e - PK -⇒ + px
The quantity X measures the deviation away

from detailed balance
.
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• If X -- O then det. balance is satisfied
( '2¥ . then . R¥

,
=D & the stationary state it

is an equilibrium state ( it; a e
- PED w/ Js = O .

• If X > 0 then transitions I → 3 are enhanced
,

relative to 3. → I
,
hence we expect Js > O (Ccw) .

• If Xc 0 then transitions 3 → I are enhanced

& we expect Js so Ccw) .

We refer to X as a thermodynamics .

Such forces

arise when the surroundings are not in eguil.
In Example I , the 2 thermal reservoirs were not

in equilibrium (Tec Tn ) . Let's see how things
work out in Example ? .
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R = e

- PK -⇒ + Px→
AtB GD

In this case
,
let's solve for X by analyzing

the entropy produced in the surroundings when

the system evolves thru one cycle ( I → 3--2→ D,
& then using 0Sr4→s→z→D=ln(RR¥iR⇒= A .
3 → 2 : LIE = Ez - E, ; LIER = - DE ; Ssr = PIE , - Ez)
2 → 1 : S Sr -

- B#z- E ,
)

I → 3 : ATB → CTD ; ÷.

= - Pui

→ Ssr =p (MatMis -Ma -Mot E,
- Es )

i
. Osr (its →↳ D= p (MatMis -Ma -Mo) = -p - 05mm

Ac -- luck
.

. '¥iR⇒= px
Conclude : X-e-OGn.in/AtB-sC-#
The thermo . force X is positive when MA '-Mrs >MIND,
i.e

.

when the rxn is
"downhill " in G .
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X = -06mL At B → C + D)

,

⑥ = MatMis -Mc -MD
3

→ Ae -

- PX = - f 05am
AtB GD

Think about it this way
. . .

Every time S proceeds thru the cycle c -- I → s → 2 → I
,

it catalyzes the conversion of one A & one B

molecule into one C f one D molecule .

If DG
nm
(A -B → C *D) < 0

,
then this conversion

increases the entropy of the Universe
,
hence it

is favored . The disequilibrium of the surrounding
solution thus applies a CCW force X > 0

,

which produces a CCW current Js > 0
,

which in turn increases the entropy of the solution .

As long as 06ms 0 there is a surplus of A
's
f B 's ,

& a deficit of C
'
' f D

' '

. By catalyzing the rxn ,
the system S is helping to bring the solution
toward equilibrium .



To this point, I've obtained the result

fate = - p OGrxn

en .RiR÷) Tenryu . -M. -Ma
by appealing to the claim Ssr Ci -sit- hBp÷ .

Now let's see how thesame result for Ac can be motivated

by appeal to standard chemical kinetics .

Imagine observing the evolution of S for a long time :

i'm = =
- i . I 3 I 2 1 32 I 2123123 I 3122,12 3 23 l - i i

- -1

Each CCW cycle (t ) - A +B → C + D

Each CW cycle C- S - At B ← CtD

R+ = avg .
rate of CCW cycles} in stationary

R
-

= avg . rate of CW cycles
state

Rfp =
Rs.R.si# c- product of

CCW Rip
Rrs 12321221 ← product of CW Thijs

(proof left as exercise)
:

. he R = Ac



Now analyze 12+112 - using chemical kinetics

(Law of Mass Action ) :
K
-ifAUB)

A + B F C + D (assuming dilute robe )
K
- KDDI

[AT = concentration of A molecules
,
etc .

k± = rate constants

In equilibrium the net rates are equal :

K+ FATE (B) 8 = k
- [C)91078

We also have (dilute sol 'n ) :

Ma -

-Mao + p
- 'lnfA ]

,
etc .

E standard state chem . potential ( I mot)

Therefore in quit. we have

K+ EP Kea' -Male fleets -n :S .- k- ephedra effie -u:)

But unto +µ:b -
- need +

µ:b , i .

'

¥ = e
- pin : +no. -uh. -u:) = e

- pooka

060mm =Gibbs free energy of rxn when all species

(A - D) are in standard state .



Returning to the case of arbitrary concentrations

(notnecessarily equit , not necessarily stand. state
,

but still dilute !) :

R
+
= K

+ f A-IfB) = K+ EP
(Ma-Mao) e plus -Mis)

R
-

-

- K
- fCUDI = k - e Pfk

-Mile P (MD-Moo)

Aa -- en YI -- he '
+ p Krim - OGnm) = - ptsxn
-
these cancel
(see peer. slide)

2

Ag=p¥=-poq€ Oc

affinity theming . Gibby nfmee energy
"#
AtB GD



In this example , only transitions along the edge I -3
were coupled to the chem . rxn

,
whereas the other

transitions. ( I -2 , 2- 3) were driven solely by
thermal fluctuations .

In more complicatedsituations , multiple edges
might be coupled to rxns

,
and there might be

competition among them .

For any cycle c in the

graph ,
the affinity Ac is the net thermodynamic

force that drives thesystem around that cycle .

Example

Suppose Ae
,

> O
,
Ac O⑦ Then we'll get CCW current

around c. ,
which induces

¥ Ccw (positive) current around Ci. .

Exertionflies
Ac

,

> O¥
Ace O



a :÷:
Now imagine we turn on a weak affinity Ace O.

This thermodynamic force opposes the
CCW current

Jr but doesn't change its sign (for
sufficiently small IA ed . )

Thus the strong affinity Ac , generates current
around ca that flows contrary to the weak

affinity around that cycle .

B
Mtf>MB[
A Net effect :

The
"

downhill
"

men

f) Jz A → B drives the¥> "

uphill
"

rxn C →D .

MEND
D



This situation - a competition between thermo .

forces in which one prevails over the other -
is called treed .

This is at the heartof many molecular
machines /motor proteins .
E.g . F0Ahase , found in our

mitochondria . . .
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← high Mtf
outside

µATP + M H2O

>µApp ¥ µPi

ATP hydrolysis :
← low MH .

ATP + H2O inside

→ ADP + Pi

The FO- F1 ATP synthase has evolved so that

the flow of protons from outside to inside is

opposed by the hydrolysis of ATP . Specifically,
it catalyzes the rxn

ADP + Pi + 3 Htont e ATP + H2O * Sittin

The proton gradient across the membrane provides
a thermo . force in the

"

forward " direction , while

the high chem .pot . of ATP is a thermo . force in

the " backward " direction .

In the mitochondria
,

the proton gradient wins the competition .



Further details . . .

"

ii.Ee Em::

ATP t H2O
→ADP EP;

Proton flow out → in drives the mechanical

rotation of F1 with respect to FO in one

direction
, & ATPhydrolysis drives it in the

other direction
.

"

Medrano chemistry .

"

since the proton gradient wins, ATP molecules
are produced.



Experiments : (Kino sita lab )

Nogi et al , 1997 -

Direct observation of rotation of F, - ATPase⇐oh

etmaee.ae?n7Ieuywimeyn?.n7F::

X F
,

- ATPase
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Jzs

>

Jsij = Rij Tj -Rj iti

4

Is = current thru fundamental edge
of cycle I = Jus = current through cycle I{

Eminem:"aments we can construct!9%wYY,state current along any edge .

e.g .

Js( 2 → 1) = Js
, ,
J 'll → 3) = J? - J { , etc .

Also : =÷AcJi0 (schnytengbgg


