Statistical Thermodynamics of biomolecular systems LECTURE 2

XPANSIONS RGY THALPY

Isothermal Gas Expansion (AT -0)
gas (p1, V1, T) = gas (p2, V2, T)
Irreversibly (many ways possible)

(1) Set pexr=0

p=0
T p=0 > T
- L I _ | P2V |
P1,V4
W = __[,12 PexrdV =0
(2) 561’ pexf = p2
P2
T P2 = T
— L8 | v | —
P1,\4
Wioy = __[,12 pdV =—p,(V,-V))
p F 3
p(TV) eq. of state
a >
C %
-Wo)

Note, work is negative: system expands against surroundings
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(3) Carry out change in two steps

gas (p1, Vi, T) = gas (p3, V3, T) = gas (p2, V2, T) P1 > P3 > p2

p2
| —»
p3 . B
—tmEmy T | v
p1, V4 ’

Way = __U: pdV - _[:: pdV =-p, (Vs _Vz) -, (V, -V5)

pA p(TV) eq. of state
P11 /
P31 \ More work delivered to
P21 2 surroundings in this case.
= ! —
Vi V3 \ v
“WE)

(4) Reversible change p = pext throughout

P4 v,
/ p(TV) eq. of state Wpey = _L pdV
1

P1 T
/
po—4+- /// Maximum work delivered to
//%///// . surroundings for isothermal gas
Vi C :/2 V expansion is obtained using a
Wrey reversible path

For ideal gas:

W, = —ﬁl‘zns—TdV =-nRT In\\;—2 —nRT InPz

1 P:
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The Internal Energy U

dU =dq +dw (First Law)

dU =C__dT —p,.dV

path

oU U
And UTV) = dU =[6TldT +(Wldv

Some frequent constraints:

Reversible = dU =dg.ey +AWre, = dgrey - pdV

(P = Pext)
. Isolated = dq=dw=0
e Adigbatic = &=0 = dU=zdwv T _pdv
. Constant V = w=0 = dU=dgy
REAP NEAR A

= dg, =(2¥] dT
Vv

dg, =C,dT = (%l =C, | very important result!!

But also

ou
So dU =C,dT +[Wl dv
| N

what is this?
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Joule Free Expansion of a Gas (to get [g%l )

s ///// a4 Adiabatic q=0
/@ X vac 4

/ 4 Expansion into Vac. w=0
DAL (pexi=0)

gas (p1, T1, Vi) = gas (pz, Tz, Vz)

Sinceq=w=0 = dUor AU% Constant U

Recall  dU =C,dT +[g%l dv 20

[g_‘dl dV, =C,dT,
] -<m)

. AT
— | = - measure in Joule exp't! [—J
oV oV P !

y AV

TJoule did this.  lim [AT] {ﬂ
U

AV —0| AV

5V L =7y \ dU =C,dT -C,n,;dV

Joule coefficient

. For Idealgas = 17, = exactly
dU =C,dT  Always for ideal gas
U(T) only dependson T

The internal energy of an ideal gas depends only on temperature

Consequences = AU =0 For all isothermal expansions or
compressions of ideal gases

= AU = _[CvdT For any ideal gas change in state
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Enthalpy  H(T,p) H=U+pV

Chemical reactions and biological processes usually take place under
constant pressure and with reversible pV work. Enthalpy turns out
to be an especially useful function of state under those conditions.

reversible

905 (p, TI, Vl) Co; . 905 (P; TZ; VZ)
U1 U2
AU =q +w =q, - pAV
AU +pAV =g, {—\define as H

AU +A(pV)=qp = A(U +pV)=qp

H=U+pV = AH=q, for a reversible constant p process

Choose  H(T,p) = dH =[6H) dT +[6H ldp
P

oT op
What are [ﬂj and (aH l ?
oT ), op

(@) —  for areversible process at constant p (dp = 0)
P

oT

oH
dH _dqIJ and dH _{a_‘_ )p dT

- dq,,:(ﬁJ dT  but dg, =C,dT also
P

ol
0T ) p
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. [ﬂl —  Joule-Thomson expansion

op
[T 1[I IITTT1]T]
Daxf=p1—*ﬂ P17y PaTy f=—— Pexi=P2
T 177 / [T 77177

®— adiabatic, g= 0
porous partition (throttle)

gas (p1, T1) = gas Pz,Tz)
[T 111 ITI17] Lfff ] [T 1111
— —
D1—V;l PN JI P2 paT2 Ij—pz
TTT1 1111 IT0D A
w=pV,-pV, = AU=q+w=pV -py,= APV

)
AU +A(pV)=0 = AU +pV)=0
. |aH =0

Joule-Thomson is a constant Enthalpy process.

oH
dH=deT+£apldp = CdT =- [aplde

= [DHl =4Jp['ir] < can measure this [ATJ
op P )y Ap ),

Define  lim AT [T = u;; < Joule-Thomson Coefficient
Ap—0 Ap ap y

dp

[ﬁl = C,pyr| and | dH =C,dT ~C

op
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For an ideal gas: u(T), pV=nRT

H=UT)+pV =U (T )+nRT

only'depends on T, no p dependence

o = (3

l = u;; =0 for an ideal gas

For an ideal gas C, =C, +R

H =U +pV, pvV =RT

ov

=0 -for" ideal gas

¢, =¢, +R

EXPANSIONS, THERMODYNAMIC CYCLES

Reversible Adiabatic Expansion (or compression) of an Ideal Gas

1 mole gas (V4,T;) = 1 mole gas (V,,T,)

adiabatic = dq=0 Reversible=  dw = -pdV
Ideal gas = dU=C(dT

From 1 Law  dU=-pdV = C,dT = -pdV along path
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Cp—Cy =R forig.

LECTURE 2

™

giog

y = g ( >1 generally)

[More generally the heat capacity for a molecular species has a
temperature dependence that can be approximated as
C,(T)=a+bT +cT? with a, b, and ¢ tabulated.]

In an adiabatic expansion (V2 > Vi), the gas cools (T2 > Ty).
And in an adiabatic compression (V< Vi), the gas heats up.

For an ideal gas (one mole) 1. =% = (&J=[\QJ =5

v

plvl;/ =P; 27

Py

pV’ is constant along a reversible adiabat

Recall, for an isothermal process T = constant =

pA

P1T ¢ isotherm

pV=constant

P2 Gdiabatt
1

V2adia bat & Vzisotherm

because the gas
coolsduring reversble
adiabatic expansion

pV = constant
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e Irreversible Adiabatic Expansion of an ideal gas against a constant
external pressure

1 mol gas (p1,T1) = 1 mol gas (p2,T2) (pext=p2z)

adiabatic = dq=0

Constant p..+ = p2 = dw = -podV
Ideal gas = dU=CdT
1°" Law = dU = -pdV

C.,dT = - podV

Integrating: Cy(T2-Ty)=-p2(Vz- Vi)

Using pV = RT T, (C, +R)=T1[CV +p—2RJ
1
Note Pz < p1 = T2< T Again, expansion cools
Note also (-Wrey) > (-Wirrey) as expected, less work is

recovered through an
irreversible process

Thermodynamic Cycles

. Reversible Tdeal Gas processes:

Find AU, AH, g, w

o @ o aT)
() (M) D const p) (5,
P4 A P1 3
(isothemn)
B (71) A E(const A%
P2 (rew. C st P2 (isotherm) (77)
p3 V. (const. V) 1
adiabat) ()
1 1 1 1
I I = I I =
V4 2 \d V4 Vo v

For (I)

A
1905(P1.V1.T1) B 1905(P2.V2 . T1)

e z

1gas(ps,Vz,Tz)

There are two paths from initial to final states (A) and (B+C). As far
as functions of states (e.g. U, H) are concerned it doesn’t matter
which path is taken.
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[A] 1 mol gas (p1,V1,T1) COHS:T.T 1 mol gas (pZ,VZ,Tl)
Ideal gas isotherm: AU, =0 AH, =0
W, = —RTllnv—2 g, =RT, Inv—'2
Vi Vi
[B] 1 mol gas (p1,V:,T1) = 1 mol gas (ps,Vs3,T2)
Adiabat: (4. =0
Ideal gas: AUy =6, (T, -Th)
AH, =C,(T,-T))
1°" Law: wg =C, (T, -T,)
[C] 1mol gas (p3,V2,T2) " 1 mol gas (p2,V2,T1)
Constant V: w. =0 Ideal gas: AUc =6, (1, -Te)
AH, =C,(T,-T,)
1" Law: 9 =G (I -T,)
[A] vS. [B] +[C]
AU, =0 AU, + AU, =0 =AU,
AH, =0 AH, + AH, =0 = AH,

10



[D]

[E]
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VZ
qA=RT1InV_ qe+qc=cv(r1_T2)¢qA
1
VZ
wA=—RT1|n\/— wg +w, =C, (T, -T,) =w,
1
AUD =G (T3 _Tl)
=C —T, w, =-R (T, -T,
AHD _ Cp (T3 _Tl) 9 p (Ts 1) b (Ta 1)
AUE=C\/(T1_T3) w. -0 —CV(T—T)
AHE — Cp (-rl —T3) E qE 1 3
[A] Vs. [D] + [E]
AU, =0 AUD+AUE =AU,
AH, =0 AHD+AHE =AH,
VZ
quRTlln\T qD+qE=R(T3_T1)¢qA
1
V;
w, =-RT,In-% w, +w, =R, -T,)=#w,
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