Assume all gases are perfect and that the temperature is
298 K unless stated otherwise.

2, Suppose that 3.0 mmol of N.(g) occupies 36 cm® at
300K and expands to 60cm’ Calculate AG for the
process,

3. The change in the Gibbs energy of a certain
constant-pressure process was found to fit the expression
AG/] = —85.40 + 36.5(T/K). Calculate the value of AS
for the process.

. 4. When the pressure on a 35-g sample of a liquid was
iNcreased isothermally from 1 atm to 3000 atm, the Gibbs
;nergy increased by 12kJ. Calculate the density of the
quid. -

5. When 2.00 mol of a gas at 330K and 3.50 atm is
Subjected to jsothermal compression, its entropy de-

‘reases by 25.0 7K. Calculate the final pressure of the
85 and AG for the compression,

pe:t.‘ Calculate the change in chemical potential of a
, ©Ct gas that is compressed isothermally from 1.8 atm
029.5 atm at 40°C,

9. Estimate the change in the Gibbs energy of 1.0 L of
benzene when the pressure acting on it is increased from
1.0 atm to 100 atm.

10. Calculate the change in the molar Gibbs energy of
hydrogen gas when it is compressed isothermally from
1.0 atm to 100.0 atm at 298 K.

11. The molar Helmholtz energy of a certain gas is
given by:

A= ~§~-RT1n(Vm--b) + (T)

where 2 and b are constants and f(T) is a function of
temperature only. Obtain the equation of state of the gas.



Assume all gases are perfect

and that the temperature is
298 K unless stated otherwise.

2. Suppose that 3.0 mmol
of N,(g) occupies 36 cm? at
300K and expands to 60

cm’. Calculate AG for the
process.



2. We need G. Start with the definition
G=H-TS H =U+pV

- dG=dU+ pdV +Vdp -TdS -SdT

Now let us get rid of some terms above.

First Law says dU= g + oW

Second law says  TdS = dQ,e,

For a reversible change,

oW = —p,,dV turns into — pdV

L dU=TdS - pdV

substitute into dG to get

dG = Vdp -SdT

Now we are ready:

Isothermal dT=0leadsto dG =Vdp

ideal gas V= nRT/p leads to

Therefore 4G = [Vdp= [hRTdp /p

isothermal leads to G = nRT In p;/p;

pr=nRIT1/Vs p;=nRT/V; divide one eqn.

by the other to get p;/p;= V, /V; = 36 /60

AG = 3x10°molx8.3144 J K 'mol™’
x300 Kx In 36/60 = -3.8 J



3. The change in the

Gibbs energy of a certain
constant-pressure process was
found to fit the expression
AG/]=—-85.40 + 36.5(T /K).

Calculate the value of AS
for the process.



3. We need G and S. Start with
definitions G =H -TS H=U+pV
s dG=dU+ pdV +Vdp -TdS -SdT
Now let us get rid of some terms above.
First Law says dU= g + dlW
Second law says  TdS = dqe,

For a reversible change,

oW = —py,dV turns into — pdV
dU=TdS - pdV

substitute into dG to get

dG = Vdp -SdT

We are ready: constant pressure, dp = 0
~dG= -8dT
(0G/oT), =-8
(561/67-),3 = -S; (56,/57_)p = -§;
AS = §;-S; =-{(06G,/0T), - (0G;/oT),}
= -(0AG/OT),
Given AG = -85.40 + 36.5(T/K)
(OAGIOT),= +36.5 J K™
AS =-36.5J K™



4. When the pressure on a
35-g sample of a liquid was

Increased isothermally from
1 atm to 3000 atm, the Gibbs

~tnergy increased by 12 K]J.

Calculate the density of the
Liquid.



4. We need G. Start with definitions
G=H-TS H=U+pV

;. dG=dU+ pdV +Vdp -TdS -SdT

Now let us get rid of some terms above.

First Law says dU= g + dW

Second law says TdS = 0q,e,

For a reversible change,

oW = —pydV turns into — pdV

dU=TdS - pdV

substitute into dG to get

dG = Vdp -SdT

Now we are ready:

(isothermal) d7 = 0 leads to dG = Vdp

JdG = [vdp

For a liquid V is essentially independent

of pressure .. [dG= V [dp = V(pr -p;)

AG = V(3000 - 1) L atm

12 x10° J x{0.082056 L atm / 8.3144 J }
= V(3000 - 1). Solve for V, V= .0395L

density = m/V = 35/ .0395 L = 886.3 g/L



5. When 2.00 mol of a gas
at 330 K and 3.50 atm 1s

Subjected to isothermal

compression, 1ts entropy
decreases by 25.0J K™'.

Calculate the final pressure

of thegas and AG for the
compression.



5. To do this problem, we need to know
how S and G change with p.

G=H-TS H =U+pV
s dG=dU+ pdV +Vdp -TdS -SdT
Now let us get rid of some terms above.
First Law says dU= bg + dlW
Second law says TdS = dq,e,
For a reversible change,
oW = —py,dV turns into — pdV
L dU=TdS - pdV
substitute into dG to get

dG = Vdp -SdT

dG is an exact differential, therefore the
mixed derivatives are equal:

(N/ET)p = - (3S/cp)r

dS = (1/T)C, dT - (&M/2T), dp  general

Now we are ready:
iIsothermal dT =0 leads to

dS =- (&V/4T), dp



Jds = [- (av/6T), dp

ideal gas pV = nRT leads to V= nRT/p
(V/ET), = nR/p

AS =dS= [-nRdp/p =-nRin (p; /p;)

-25JK " =
-2 molx8.3144 J K 'mol™" In (p; /3.5)
Solve for ps, pr = 15.7 atm
FromdG = Vdp-SdT
[dG =Vdp when isothermal
and ideal gas eqn V = nRT/p leads to:
AG = |nRTdp /p
isothermal leads to AG = nRT In ps/p
AG =-TAS =-330K x{-25 J K"}
=+ 8.25 kJ
Note
AGT = AH -TAS
ideal gas (dH/dp)r =0, and dT =0 gives
AH = 0 also leads to
AGt = -TAS for this problem.



6. Calculate the change 1n

chemical potential of a
Perfect gas that is compressed

isothermally from 1.8 atm
10 29.5 atm at 40°C.



6. Chemical potential is Gibbs energy per
mole, so we need G:

G=H-TS H =U+pV
;. dG=dU+ pdV +Vdp -TdS -SdT
First Law says dU= g + dW

Second law says TdS = 0qe,
For a reversible change,

oW = — popdV turns into — pdV
A dU = TdS - pdV

substitute into dG to get

dG = Vdp -SdT

isothermal, at T, [dG = [Vdp
G{T)=G(+ (™ Vdp.
p1
For an ideal gas
G{T)=G(N+ (°* nRTdp.
J 1 P

Define the free energy per mole
(the chemical potential, 1)
ur(T) = i (T) +RTIn p; (ideal gas)

P1



Ap(T) =+RTIn py
P+

=8.3144 J K 'mol ' x313 Kxn(29.5/1.8)
=+7.3 kJ mol™



9. Estimate the change 1n

the Gibbs energy of 1.0 L of
benzene when the pressure
acting on it is increased from

1.0 atm to 100 atm.



9. We need G. Start with definition
G=H-TS H=U+pV

s dG=dU+ pdV +Vdp -TdS -SdT

Now let us get rid of some terms above.

First Law says dU= g + ol

Second law says TdS = DQgyey

For a reversible change,

oW = —p,,dV turns into — pdV

dU=TdS - pdV

substitute into dG to get

dG = Vdp -SdT

Now we are ready: dT=0 (isothermal),
at7, [dG =[Vvdp

AG(T) = (* Vdp = V(p2-p1)

p1

=1 L(100-1) atm = 99 L atm
=99 L atm x{8.3144 J /0.082056 L atm }
=10 kJ



10. Calculate the change
in the molar Gibbs energy of
hydrogen gas when 1t 1s
compressed isothermally from

1.0 atm to 100.0 atm at 298 K.



10. We need G. Start with definition
G=H-TS H =U+pV

s, dG=dU+ pdV +Vdp -TdS -SdT

Now let us get rid of some terms above.

First Law says dU= g + oW

Second law says TdS = 0Qq,e,

For a reversible change,

oW =—py,dV turns into — pdV

c dU =TdS - pdV

substitute into dG to get

dG = Vdp-SdT

JdG = [vdp when isothermal (dT = 0)
and ideal gas V = nRT/p leads to:

AG = [nRTdp /p
iIsothermal leads to AG = nRT In ps/p;
AG =1 molx8.3144 J K 'mol 'x298 K

xIn(100/1) = + 11 kJ mol™’



11. The molar Helmholtz
energy of a certain gas 1S

given by:

4= -2 _RTIn(V.—b)+AT)

Vi
where a and b are constants

and f(T) i1s a function of
temperature only. Obtain the

“equation of state of the gas.




11. We need A. Start with definition

A=U-TS dA=dU-TdS -SdT

‘Now let us get rid of some terms above.

First Law says dU= 0qg + oW

Second law says TdS = 0qey

For a reversible change,

oW = —p,,dV turns into — pdV

dU=TdS - pdV

substltute into dA to get
 dA=-pdV-SdT

What we need is an expression for p
(CA/V)r =-p
This allows us to take from

a |

A= RT In(V,,, — b) + £(T)

Ven
the derivative of the expression with
respectto V:
-p = (GA/N)7 = a/V° - RT {1/(V-b)}
p =-a/\V? + RT{1/(V-b)}
is the equation of state.




2. Calculate the equilibrium pressure for the conversion of graphite to
diamond at 25°C. The densities of graphite and diamond may be taken to be
2.55 and 3.51 g'cm“a, respectively, independent of pressure.

A, H® (diamond) = 0.4532 kcal mol™ $°(298 K)
- = 0.5829 cal K" mol™" for diamond
= 1.3609 cal K™ mol™ for graphite
5. Recognizing that the Gibbs free energy of
fusion of ice at 0°C and 1 atm 1s equal to
zero, and assuming the heat capacities of ice
and supercooled water to be constant, derive
by integration of the Gibbs-Helmholtz
equation an expression for the Gibbs free
energy of fusion of ice as a function of
temperature. Also derive expressions for
ArsH and AgsS as functions of temperature.
If the specific heat of fusion of ice at 0°C
and 1 atm is 79.7 cal g™"and the specific
heat capacities of ice and water are 0.48 and
1.00 cal K™ g™' respectively, what are the
molar values for Ag,sG, AgisH, and AgsS at

-3°C?



EXAMPLE: 2. Calculate the equilibrium
pressure for the conversion of graphite
to diamond at 25°C. The densities of
graphite and diamond may be taken to
be 2.55 and 3.51 g cm™°, respectively,

Independent of pressure.
A, H" (diamond) = 0.4532 kcal mol™’

S°(298 K)
cal K" mol™
diamond 0.5829
graphite 1.3609

(Question:

graphite(298 K, p) — diamond(298 K, p)
Find p at equilibrium.

Solution:

graphite(298, 1) —» diamond(298, 1) (a)
graphite(298, 1) —» graphite(298, p) (b)
diamond(298, 1)— diamond(298, p) (c)
(a) -(b) +(c) =

graphite(298 K, p) — diamond(298 K, p)




Given for step (a):
graphite — diamond A H"=0.4532

(298 K, 1 bar) (298, 1 bar)  kcal mol™
G=H-TS
At constant T =298 K, dT = 0,
.. AGr=AH -TAS and
AG® = AH® -TAS®
AG,” = 453.2 cal
-298 K (0.5829 -1.3609) cal K~ mol™
= 685 cal
For (b) and (c):
As already derived in previous example,
dG = Vdp-SdT dTr=0
[dG = [Vdp = V [dp since densities are
given as independent of pressure.
AG, = (12/2.55)x10° L [p -1]
AG,; = (12/3.51)x10”° L [p -1]
Since p is the pressure at which the two
phases are at equilibrium, AG(p) = 0.
0=AG,-AG, + AG,




0= 685+{-(12/2.55)+(12/3.51)}x10°(p-1)
«(1.987 cal)/(8.3144x107 L bar)

Solve for p
p = 22269 bar



EXAMPLE:

5. Recognizing that the Gibbs free energy of
fusion of ice at 0°C and 1 atm is equal to
zero, and assuming the heat capacities of ice
and supercooled water to be constant, derive
by integration of the Gibbs-Helmholtz
equation an expression for the Gibbs free
energy of fusion of ice as a function of
temperature. Also derive expressions for
AnsH and Ay,sS as functions of temperature.
If the specific heat of fusion of 1ce at 0°C
and 1 atm is 79.7 cal g”' and the specific
heat capacities of ice and water are 0.48 and
1.00 cal K™' g7' respectively, what are the
molar values for A,sG, AnsH, and AgsS at

-3°C?



(Question::

ice (1 atm, T) — liquid (1 atm, T )
Find: AwsG ApsH  AnsS as a function of T

Consider the steps:
ice (1 atm, 273.2 K) — liquid (1 atm, 273.2K) (a)

ice (1 atm, 273.2K) —»ice (1 atm, T ) (b)
lig (1 atm, 273.2 K) — lig (1 atm, T ) (c)
AusGT = AG, - AGp + AG,

G=H-TS

AG, =0 ice and liq are at equilibrium

AGb "_'AHb - (Tsice,T -273.2 Sfce,273)
AG; =AH; - (TSjiq7-273.2 Sjig,273)
AHp = b3’ C,°°dT =0.48x18 (T-273)
AH. = [737 C,"dT = 1.0x18 (T-273)
Sice,T = Sice,273 + .[273T(Cplce/ T)d T
Sjcejz73 + 048><18 In(T/273)
Siig 273 + !273T(Cphq/ ndr
S/,'q,273 + 1.0x18 |l”|(T/273)

Siig 7



AG, =0.48x18 (T-273)
- T[Sice, 273 + 0.48x18 IN(T/273)] + 273 Sice 273
= (0.48x18 (T~273) - (T-—273)S,'C@,273
AG, = 1.0x18 (T-273)
| - T[S/,'q;273 + 1.0x18 In(T/273)] + 273 S/fq’273
=1.0x18 (T—273) - (T‘273)Sﬁq’273
ArsGT = AG, - AGp + AG,
=0-0.48x18 (T-273) + (T-273)Sjce,273
+1.0x18 (T—-273) - (T—-273)S/,'q,273
= (1.0- 0.48)x18[(T-273) -T In(T/273)]
+ (T-273)(Sice, 273 -Siig,273 )
(Sice,273 "S[jq’273) - -AfusH273 /273 = -79.7><1 8/273

“. AusGr = 18x {(T-273)[(1.0- 0.48) -79.7/273]
_(1.0- 0.48)T In(T/273)}

AnsGr=-1120.7 +56.61 7 -9.36TInT cal Answer

A, sHT= AH, - AHp + AH,
=79.7x18 - 0.48x18 (T-273)
+1.0x18 (T-273)
AnsHT = {(T-273)(1.0- 0.48)+ 79.7 }x18
A, sHT = -1120.7 + 9.36 T cal Answer



ArsST=AS;- ASp + AS;

dS :thEV/T

AS,; =79.7x18/273

dS = (6S/6T),dT + (6S/6p)rdp

dS =(CyT)dT sincedp =0

ASy = b73' C,°°dT/T = 0.48x18 In(T/273)

AS. = b3’ C,HdT/T = 1.0x18 In(T/273)

ArsST=AS, - ASy + AS;

AnsST = 79.7x18/273 - 0.48x18 In(T/273)
+1.0x18 In(T/273)

AnsST = {(1.0-0.48)In(T/273) +79.7/273 }x18

ArysST=-47.25 +9.36InT cal Answer

Check that AnsGT = ArysH - TAssS holds. Start
from
AwsHT = -1120.7 + 9.367T cal
ArsST=-47.25 + 9.36InT cal
get
ArsGr=-1120.7 +56.61T7 -9.36TInT cal
yes, agrees with Ar,sG7 obtained from sum of a,b,c.

AssG7/T=-1120.7/T +56.61 -9.36 InT
Now take the derivative

[O(AG IT)/8T], = +1120.7/T° -9.36/T
This indeed agrees with

ApysH/T? =+1120.7 /T? - 9.36 /T




The problem suggested integrating the Gibbs
Helmholtz eq. as a strategy:
8(G;/T)8T], = -H:/T* applied to liquid (1atm, T)
A(G;/T)6T], = -H;/T°_applied to ice (1atm, T)
O(AGIT)0T], = -AH/T*
So if we had started out with
[&(AG /T)/0T], = -AH/T* and integrated,
Jd(AGIT) = [(-AH/TAT
This would mean that we need only to calculate
ApsHr=-1120.7 + 9.36T cal
just as we did using steps a,b,c above.
we would have obtained
[d(AGIT) = [(+1120.7/T%-9.36/T)dT

(AG/T) -1120.7/T -9.36 InT + constant

et us now compare this with the A,sGr/T that
we had calculated using the steps a,b,c above:
AnsGr/T =-1120.7/T +56.61 -9.36 InT

It checks! and we find the constant of
integration is +56.61 cal K

at -3°C (270 K) event is spontaneous in reverse:
AnsGr =-1120.7+56.61T7-9.36 TInT =+15.67 cal mol”
AmsHr =-1120.7 + 9.36T = +1406.5 cal mol”
ApsST = -47.25 +9.36InT= +5.151 cal mol'K"



S

4. Suppose 2.000 mol of neon (assumed to be an ideal gas) is confined in a strong,
rigid container of volume 50.0 L at 304.66 K. The system is heated until 5000 J of
heat has been added.

For this process, draw your initial and final pictures here

Ninitial = Nfinai =
anftia.’ = Vﬁnal =
ﬂ'nitfaf = - Tﬁnaf -
Pinitial = Prinal =

(a) The molar heat capacity of the gas does not change during the heating. What
is the molar heat capacity of ncon gas?

Using: Ogiven in the problem Cldefinition: Clequation:
J mol
(b) Calculate the original pressure inside the vessel (in atm)
Using: [given in the problem [ldefinition: Clequation:
piniﬁai = atm

(c) Determine q for the system during the heating process

Using: Clgiven in the problem Cldefinition: Clequation:



CJJ
Sticky Note
This is a simple exercise: one problem (4 pages) which is a portion of an honors general chemistry exam. Following is the answer key (4pages) that goes with it.


Problem 4. continued on this page
(d) Determine w for the system during the heating process.

Using: [Clgiven in the problem [definition: equation:

w = J

(e) Compute the temperature of the gas after the heating. (Assume that the
container itself has zero heat capacity)

Using: [given in the problem Cldefinition: Clequation:

Thinal = K
(f) Compute the pressure (in atm) inside the vessel after the heating.
Using: Ogiven in the problem Cldefinition: Clequation:

Prinal = atm

(g) Compute change in the internal energy of the gas during the heating
process.

Using: [1given in the problem Cldefinition: Cequation:

il
[

AE




Problem 4. continued on this page.
(h) Compute the change in enthalpy of the gas during the heating process.

Using: Elgiven in the problem [ldefinition: [lequation:

AH = J

(i) Correct answer to part (h) exceeds the amount of heat actually added. Explain
why this is not a violation of the law of conservation of energy.

Using: Clgiven in the problem Cldefinition: Hequation:

(i) Show the type of process when change of enthalpy equals the heat absorbed

Using: [lgiven in the problem Lldefinition: [lequation:

(k) Calculate the change in entropy for this constant volume heating,

Using: Clgiven in the problem Cdefinition: [lequation:

AS = JK!




Problem 4. continued on this page
(1) Using the definition of G in terms of H and S, what is the expression for
the change in Gibbs free energy?

Using: [lgiven in the problem [Cldefinition: Clequation:

(m) Calculate the change in Gibbs free energy for this constant volume
heating. The standard entropy value for neon gas is S° at 298.15 K = 146.22 ) K
mol™

Using: [given in the problem[Jdefinition: Lequation:

AG = J

(n) Suppose we had taken the neon gas from the original initial state to the same
final state through a different path [for example, the 2-step sequence of : (i)
isothermal compression to the final pressure, followed by (ii) constant pressure
expansion to the final volume] instead, which of the following quantities for the
overall 2-step process will be the same as calculated above for the constant
volume heating? Circle as many as apply:

AT Ap AV An q w AE AH AS AG




4. Suppose 2.000 mol of neon (assumed to be an ideal gas) is confined in a strong,
rigid container of volume 50.0 L at 304.66 K. The system is heated until 5000 J of
heat has been added.

For this process, draw your initial and final pictures here

Minjtial = 2.000 mol MNenal = 2.000
mea! =50.0L q- Vﬁnaf =50.0L
nnitiaf = 304.66 K +5000 J Tﬁna.’ =?K
Dinitiar = 7 @tm N Dinas = ? atm
CV =

(a) The molar hezit capacity of the gas does not change during the heating. What
is the molar heat capacity of neon gas?

Using: Olgiven in the problem [Xldefinition: ideal gas Dequatlon Y2 m{u )” (3/2)ke T
for one mole of a monatomic ideal gas, E EG Yo m{u )NAVOQ = Ey +(3/2)RT

so that Cy, = (3/2)R = (3/2)( 8.31451J K" mol™") =
12.472  J mol™

(b) Calculate the original pressure inside the vessel (in atm)
Using: Llgiven in the problem [Cldefinition: Xlequation: pV=nRT
p(50.0 L) =(2.0 mol)( 0.0820578 L atm K" mol™ }(304.66 K)

p = 1.00 atm

Pinii = 1.00 atm

(c) Determine q for the system during the heating process

Using: Klgiven in the problem [ldefinition: Cleguation:

q = +5000 J




Problem 4. continued on this page
(d) Determine w for the system during the heating process.

Using: Cgiven in the problem Edefinition: dw = ~Pgpppasingd V' Cequation:
dV = 0 (rigid container no change in V) therefore dw =0

w= 0 J

(e) Compute the temperature of the gas after the heating. (Assume that the
container itself has zero heat capacity)

Using: Llgiven in the problem Edefinition: dq = Cd T [equation:

C = (3/2)R does not change (given)

s0 q = CAT = C(T e - Tinitiar)

5000 J = 2.0 mol (3/2)( 8.31451J K" mol™ )( Tipa - 304.66 K)
Solve for Ty

Tonal = 505.11 K

(f) Compute the pressure (in atm) inside the vessel after the heating.

Using: Clgiven in the problem [definition: [Xlequation: pV=nRT
Prina (50.0 L) =(2.0 mol)( 0.0820578 L atm K mol™ }(505.11 K)
Solve for pg. = 2.0x0.0820578x505.11 / 50.0

Prinas = 1.658 atm

(g) Compute change in the internal energy of the gas during the heating
Process.

Using: Clgiven in the problem Cldefinition: Klequation: AE = q+w
First law provides AE =q+ w = 5000 + 0

AE = 5000 J




Problem 4. continued on this page.
(h) Compute the change in enthalpy of the gas during the heating process.

Using: Clgiven in the problem Eldefinition: H = £ + pV Llequation:
H = E + pV means that the change is
AH =AE + Prinal Vﬁna! = Pinitial Vr’nr’tial
= 5000 J + (1.658 atm - 1.000 atm)50.0 L
x(8.31451J K" mol™)/( 0.0820578 L atm K mol™) = 5000+3333.6

AH= 83336 J

(i) Correct answer to part (h) exceeds the amount of heat actually added. Explain
why this is not a violation of the law of conservation of energy.

Using: Cgiven in the problem [Xldefinition: First law: E is conserved [lequation:
The law of conservation of energy applies to energy, not enthalpy.

(1) Show the type of process when change of enthalpy equals the heat absorbed
Using: Ogiven in the problem Eldefinition: H = E + pV, AE = q+w [equation:
Constant pressure process: W, = - Popposing{ Viinar = Vinitiar)

and AH = AE + p(Vinar = Vinitiar)
Combining this with First Law: AE = g, + w,
leads to AH = q,

(k) Calculate the change in entropy for this constant volume heating.

Using: Ogiven in the problem Edefinition: dS = dq, /T [lequation:
Carry out the heating at constant volume in a reversible manner,
dq= CydT = dgy, , so that dS = C,dT/T , which when summed up gives

AS = CyINTrna/Tinia) = 2.0 molx3/2x( 8.31451J K 'mol ™ )In(505.11/304.66)

AS = 12.61 J K




Problem 4. continued on this page
(1) Using the definition of G in terms of H and S, what is the expression for
the change in Gibbs free energy?

Using: Clgiven in the problem Edefinition: G= H-TS [lequation:
AG = AH - (Tina Stnar= Tinitiat Sinitial )

(m) Calculate the change in Gibbs free energy for this constant volume

heating. The standard entropy value for neon gas S° at 298.15 K = 146.22 TK™!
mol™

Using: Elgiven in the problem S° 595 15k = 146.22 J K mol™ Eldefinition:Sox= 0
Kequation: ASy = CyIn(Tgna/Tinta) derived in part (k)
From qrev/T = -we/ 1T When AE =0, we find ASt = nRIn(Vﬁna;/V,-n,-ﬁa;)
Third law plus equation derived in part (k) and above gives
Sinar = S8%gsk + CyIn(T5n/298.15)+ AS (1 atm—1.658 atm)
=146.22 + 2.0(3/2)(8.31451) In {505.11/298.15)
+ 2.0(8.31451)In (1/1.658)
146.22 + 13.15 - 8.41 =150.96 J K
= 8%ggx + Cyln(Tipiga /298.15) at 1 atm
= 146.22 + 2.0(3/2)(8.31451) In (304.66/298.15)
= 146.22 + 0.539 = 146.76 J K’
AG = AH - (Tginat Stinai = Tinitiat Sinitiar )
= 8333.6 J - (505.11x150.96 - 304.66x146.76) J
=8333.6-31539.5=-232059J

It

Sim‘ﬁa.’

AG = -23205.9J

(n) Suppose we had taken the neon gas from the original initial state to the same
final state through a different path [for example, the 2-step sequence of : (i)
isothermal compression to the final pressure, followed by (i1) constant pressure
expansion to the final volume] instead, which of the following quantities for the
overall 2-step process will be the same as calculated above for the constant
volume heating? Circle as many as apply:

AN [ () [ (aV) [ (an) | 9 | w [ (aE) | (aH) | (aS) | (2G)




oW, Mrvylegz=%  :jesp)
oW M0z = 10 swnssy
'sBulpunolins

S} pue We)sAs (10} 8y} JO SV SB|NJEY
OV 'HV'YV 'SV b av uoyoss

- yoes ul seb ay) Joj sleinojes * ¥ uonnes
w1 seb ayy Aq suop xom ey sjenoje)

. "1 00°L S! 9 UoiOSS JO BWNJOA

feuy sy mun A[gIsIsas Jybu sy) )

seAoW uoisid sy} pue ¥ UOHOSS 0] peppe

S11BSH 1002 =4 ="A YMoog =7
=4 Ajyeniuj "uonoss yoes ui seb ay; 0
|OW QQ°Z S! @184 [ JUEISH0D ainjeladwe)
s} deey 0] 7 SpUNoLINS JBISOUWBY] B

sl 1y ‘feulsyyos; sie & ui sebBuBypD |1y §
pue ¥’ suoioes omy ojul uojsid onegelpe

sssjuonolly e Aq pejeledas pue JepuljAo.

B Ul paulejuod seb 1osped e Jopisuon ¢
T TV X3

'sef 8y} 10y HV ‘SV 'OV 8je|nojen
SUOLISITY)

‘wije L} Ol wie | woll M 00¢
Je Uoissaidwod [ewayosl saobispun

]

005 0€0°0
00% G200

00€ 020°0

N JowTe

San|eA DUIMO||0) 8y} SBY B aiaum
de + |y = Ad sl 81g)s Jo

uolyenbs asoym seb e Jo ssjow om |
:71dwrxy,



Example:

Two moles of a gas whose equation

of state is pV=RT + ap

where a has the following values

a, L mol™ T K
0.020 300
0.025 400
0.030 500

undergoes isothermal compression at
300 K from 1 atm to 11 atm.

Questions:

Calculate AG, AS, AH for the gas.




pV=RT+a(T)p

Vi Vi
300 K N 300 K

1 atm - 11 atm

2 mol dr=0 2 mol

From G=H-TS and H= U+pV
dG =dH-TdS-SdT

= dU+pdV+Vdp—TdS —-Sd T
apply dS=dqrev/T
and dU = dqreytdWgey = dgrey - pdV
to derive dG =-S8dT + Vdp
For this problem dT- 0 leads to

AG = f (———- + a)dp

AG = 2{0.08205><300><1n(1 1/1) +
0.020x(11-1)}x(1.987/0.08205) cal



Consider the state function S(T,p) :
dS = (6S/6T),dT + (0S/op)rdp
First derive (0S/op)r:
dG =-8dT7T+ Vdp derived above
leads to equal cross-derivatives
-(0S/op)r = (oVIoT),
From the eqgn of state:
pV =RT+ a(T)p we rearrange to get
V= (RT/p) +a(T)
(oVioT), = (R/p) + da/dT

= (R/p) + 0.5x10™ given table

To get ASwhen dT7T =0,
I R
AS = ——nf (—+0.5x10")dp
P

AS = -2{0.08205xIn(11/1) +
0.5x10™*x(11-1)}x(1.987/0.08205)
cal K~



Consider the state function H(T,p) :
dH = (0H/oT),d T + (0H/op)rdp
First derive (0H/op)rt:
using cross-derivatives (see lectures)
-(OHIop)r = -T(oVIoT), + V
From the eqn of state:
pV =RT+ a(T)p we rearrange to get
V= (RTlp) + a(T)
(oVioT), = (R/p) + da/dT

= (R/p) + 0.5x10™
-(0OH/op)r = -T(oVIoT), + V
= -(RT/p) -0.5x10™*T + (RT/p) + a
= -0.5x10™*T + a = 0.035 at T=300 K
Toget AHwhendT =0,

AH= —n [ 0.035dp

AH =-2x0.035%(11-1)x1.987/ 0.08205
cal



EXAMPLE:

3. Consider a perfect gas contained in a
cylinder and separated by a frictionless
adiabatic piston into two sections ;4 and

5. All changes in $ are isothermal, that is
a thermostat surrounds # to keep its
temperature constant. There is 2.00 mol
of the gas in each section. Initially T , =
I,=300K,V,=V,=200L. Heatis
added to section 4 and the piston moves

to the right reversibly until the final
volume of section 5 is 1.00 L .

Calculate the work done by the gas in
section 4 . Calculate for the gas in each

section: AU, q, AS, AA, AH, AG.
Calculate AS of the total system and its

surroundings.
Assume C, =20JK 'mol™.
Ideal: C,=28.3144 JK " mol .



A b

n =2 moles n =2 moles
Initial initial
T =300 K T=300K
V=2L V=2L
p=7=246atm p=7=24.6 atm
final final
Ir=7K ' =300 K (isothermal)

V=2?2=3L V =1L (given)
p=sameas 5 p=7?=492 atm
. find T=900K

Work done on the gas in section 5

W, = -[po, dV (reversibly) = -[ p .. dV
=-|nRTAV/V  (p = nRT/V, ideal gas)
= -2 x 8.3144x300xIn (1/2) = + 3.46 kJ
W , =-3.46 kJ



AU, q, AS, AA, AH, and AG :

A b5
W,.,  -3.46kJ + 3.46 kJ
AU lideal U =U(T) ideal U =U(T)
AU=[C,dT dT=0
=2x20x(900-300) AU=0
= 24 kJ
q AU=qg+ W AU=qg+ W
g = 27.46 kJ g = -3.46 kJ
AS [dS = (1/T)C, dT [dS = (1/T)C, dT
- (0V/oT),dp - (0V/OT),dp
AS =n]C,dTIT dT=0
-nlRdp/p| AS = - n|Rdplp
=2x28.3144x = - 2x8.3144x
In(900/300) In(49.2/24.6)
- 2x8.3144x =-1153JK"
In(49.2/24.6)
= +50.7 J K™
AA| AA=7?2dT=0 | AA, =W, =
#-346kJd | W, =+ 3.46 kd




AH | ideal H=H(T) ideal H =H(T)
AH=n [C,dT dT=0
= 2x28.3144 % AH =0
(900-300)
= 33.98 kJ
AG | AG=AH - A(TS) | AG; = AH -TAS
need to calculate =-TAS
S atinitialand | = 11.53x300 J
final states = 3.46 kJ
ASgystem = AS , + AS, =+50.7 -11.53
= +39.2JK™

— ~1
ASsurrounding =-39.2JK
since process was carried out reversibly



EXAMPLE: 3 (b) One mole of liquid water
(density = 1 g/mL) is allowed to expand into
an evacuated flask of volume such that the
final pressure is 0 3 atm. The bulb containing
the liquid and the flask are thermostated so
that a constant temperature of 100 °C ig
maintained. It is found that 11,000 cal of heat
are absorbed when thig process occurs.
Calculate the values for AU, AH » AS | and

AG . Assume vapor is ideal.



EXAMPLE: 3 (b) One mole of liquid water
(density = 1 g/mL) is allowed to expand into
an evacuated flask of volume such that the
final pressure is 0.3 atm. The bulb containing
the liquid and the flask are thermostated so
that a constant temperature of 100 °C is
maintained. It is found that 11,000 cal of heat
are absorbed when this process occurs.
Calculate the values for AU, AH , AS , and

AG . Assume vapor is ideal.

Draw a Picture
liquid
P01 mole
> ideal gas
d7=0 p = 0.3 atm
thermostatted I'=373.2 K




AU=?

Given: po,,=0 g =11,000 cal
oW = pedV =0

AU =qg+W = 11,000 cal

AH=?
H=U+pV Vig = 18x107° L
AH = AU+ A(pV) (PV)gas = RT

= 11,000 + [(pV)gas - (PV)iiq]
=11.000 +

[1.987x373.2 -18x107°x1.987/0.082057]

= 11,740 cal




AS =7

AS is not 11000/373.2 | not reversible
construct reversible steps leading to

lig, 1 atm, 373.2 K —»gas, 0.3 atm, 373.2

(a) lig, 1 atm, 373.2 —» gas, 1 atm, 373.2
(b) gas, 1atm, — gas, 0.3 atm,
373.2 K 373.2 K
AS = AS,; +AS, AH =AH, +AH,
use [dS =0ge/T
S = (88/8T),d T + (8S/dp)r dp
dS =(C,/T)dT - (oVIoT),dp
(as derived in part a of this problem)
AH, = [(OHIOT),dT + [(6H/op)7dp =0+ 0
AH =11,740 = AH, +AH,=AH, + 0
AS, = Qre/T = AH/T = 11,740/373.2
AS, = F(@VIoT), dp =- 1*°(R/p)dp
=-1.987 In (0.3/1)
AS =11740/373.2 +1.987 In(1/0.3)
= 33.85 cal K™




ASsurr =7?
ASsurr = -11000/373.2 = -29.49

ASuniverse = 3385 = 2949 — pOSItIVG
spontaneous change!

AG=7?

AGr=AH -TAS = 11740 -373.2x33.85
= 11740 -12632.8 =-3892.8 cal

or else

AG = AG, +AG,

dG = Vdp - SdT

(as derived in part a of this problem)

dT = 0 for all steps

AG, = [Vdp = [[°*°(RT/p)dp

=1.987x373.2xIn (0.3/1) = - 892.8 cal
AG, = 0 gas and lig are at equilibrium
AG =-3892.8 cal

AA =?
AA = AU -TAS = 11000 -12633 = -1633
ordA =-pdV-SdT .. -JpdV=-1633 cal




Maximum work = W,,,., = W, + W,

W, =-1]dV =-1{RT/1 -18x107° L}, pop=1
= -740 cal

W, = - [popdV=-[RTIV)dV= -RT In(V#V))
(V#/V)) = [RT/0.3] + [RT/1] = 1/0.3

W, = -1.987x373.2xIn(1/0.3)= -892.8 cal

Wipax = -740 -892.8 = -1633 cal = -jpdV

Winax = AA7=-1633 cal




An example of multiple approaches fo a given problem:

Exam Problem 3(b) One mole of liquid water (density = 1 g/mlL) is allowed to
expand into an evacuated flask of volume such that the final pressure is 0.3 atm.
The bulb containing the liquid and the flask are thermostated so that a constant
temperature of 100 °C is maintained. It is found that 11,000 cal of heat are
absorbed when this process occurs. Calculate the values for AU, AH, AS , and

AG . Assume vapor is ideal.

d7 = 0 for this system

from relations derived from

=-29.49

cal mol™' | from definition of the function
First and Second Law
AU (11,000  |girrevtWirgey = 11,000 + 0 TAS - [pdV=
QrevtWeey= 12,633 +- 1633 | 12,633 - 1633 = 11,000
= 11,000
A(pV) (740 psVi- piVi=
RT - 1atmx0.018 L mol™ =
741.2 - 0.436 ~ 740
AH (11,740 | AU+ A(pV) = TAS + [ Vdp =
11,000 + 740 = 11,740 12,633 - 843 = 11,740
TAS (12,633 iQrey=
12,633
AG |-893 AH - TAS= -{8dT+ [Vdp =
11,740 - (12,633) =-893 0 -+ (-893)=-893
[ Vdp |-893
[pdV (1633 |-Whgey
AA AU-TAS = - [pdV - [8dT =
11,000 - (12,633) =-1633 -1633+0  =-1633
ASsys 133.87  |grev/T=12,633/373 =33.87
cal mol™ | = A,.,H/T - | Rdp/p
K™ =11740/373 - RIn(0.3/1)
=31.47+2.39 = 33.86
ASq 1-2949  [(Qrev)sur! T=-11,000/373




cal mol™ | from considering a function of two variables
AU 11,000 |A,,U = 11,000 for phase change +
from dU = (oUIT), dT + (oUIoV)rdV
= 0 +0
total = 11,000
A(pV) |740
AH 11,740 |A,50H = 11,740 for phase change +
from dH = (6H/oT),dT + (6HIOp)rdp
= 0 + 0
TAS (12,633
AG [-893 AvapG = 0 for phase change +
from dG = (6G/3T),dT + (0G/dp)rdp
= -SdT+ Vdp
= 0 + (-893) = -893
J Vdp |-893
[pdVv 11633 |-Wkey {Note that AA gives the maximum
work done by the system}
AA dA = (0A/0T),dT + (8A/8V)+dV
= - [8dT - ipdV
= 0- 1633=-1633
ASg,s |33.87 AvapHI T=11740/373 + for the next rev step:
cal mol™ |dS = (68/0T), dT + (6S/dp)rdp
K™ = 0- (oVIeT)dp
= 0 - RIn(0.3/1)
= 4239
total = 31.47+2.39 = 33.86
ASg,, 1-29.49
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