Work and Heat Definitions FL-1

Kurroundinqs: Work, w: transfer of \
Everything outside system energy as a result of

unbalanced forces

+ W /
System: / - W
The part of

the world we
+q/'/are observing.
1
Heat, g: transfer of energy resulting

Q)m a temperature difference /

Heat Sign convention: Work Sign convention:
Positive — heat is input to the system Positive — work done on the system
Negative — heat is output from system Negative — work done by the system ww




Expansion and compression FL-2

Figure 19.1 EXPANSION COMPRESSION
| E lRemove
ﬁ gt @
Remove
pins
Indidal siate Final state Indndal st Final state
Questions

— —Mgh force*distance

1. What is system? Surroundings?

2. How does initial and final

pressure correspond to P,,,? W =— Mg Ah pressure*volume
) , A (force/area)*(area*height)
3. What is sign of work for both
cases”?
w=-P_AV
4. Exactly how much work has ext
been done? L\

Sign of AV? w? Yy



What if P,,, Is not constant? FL-3

If P, IS not constant during the expansion (or compression),
the work is the integral over the path from V; to V;and we
need to know how P, varies with V:

Vi

P..dV

General expression. P, is a function of V.

W= —

| ext
I

W W
R
EX-FL1 E—



Work is the area under P

vs V. ..

ext

FL-4

Consider an jsothermal compression at constant pressure, P,

o
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I iN= | :_PextAV
I:I_lﬂl/' S 0 1 .
The curve is Y 1.0 0. . 1.0
for an ideal Vi!idm V! dm |
gas, at (a) (b Figure 19.2
constant T:
P= nRT The work is equal to the shaded area:
V X AT Y

note how it depends on P_,..
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Reversible isothermal compression FL-5

Work depends on the path taken from V, to V,. For compression, the
absolute minimum work is done along the reversible path.

Reversible path: At every infinitesimal step P, is made infinitesimally larger

than P. At every step, P, is equal to the equmbrlum gas pressure, P = nRT
i Vy
e — P_”_, Wiey = _L Pgasdv
i = |
. L | | nRT
= l | PFeversible _—L —dV
; |
- : path
o .-1_".:. ........... | -.!.
| | | V
Lo, [ o w_, =-nRT In-2
| | | - 1
04— ' S — Is work positive or negative?
i3 1.0
: v, TITY

. v dm? Compression: In—% <0 =
Figure 19.3 i v, W=+



Reversible isothermal expression FL-6

Work depends on the path taken from V, to V,. For expansion, the absolute
maximum work is done on surroundings along the reversible path.

[
: P V
1 N
50 2
| | w_ . =—-nRTIn—=
- -
E ; ' I Eeversible (Ideal gas) 1
- path . .
a Ab-----e---- ‘ Is work positive or negative?
I V
.-1 Expansion: In—2>0 =
IR (L35 Ry | 1
o b— LA -

Figure 19.3 ¥idm

EX-FL2



State Functions vs Path Functions FL-7

As we’ve seen, the work depends on the path taken between initial
and final state. Work and heat are path functions.

State functions don’t depend on the path taken but only upon the state
of the system. Energy, U or H, are state functions.

Why is this important??? (See Math Chapter H for more detail)

The differentials of path functions are inexact and can't be integrated normally!
The differentials of state functions are exact and can be integrated normally!

State functions Path functions

, .Zﬁ/\/zw (not Aw or w, — w;,)
|, du=U,-U, =AU N

?
1 o0 =0 (notAqordg,—d,)
* < )



The First Law

The First Law of Thermodynamics:

FL-8

Energy is Conserved.

dU =og + ow
AU =q+Ww

Differential Form

Integral Form

Even though o9 and dw are path functions (inexact

differentials), their sum is a state function (exact differential). &

<}



Let's explore state vs. path more deeply! FL-9

3 reversible paths to the same place...

pl, \/1’ '|'1 - |:>2, \/2 '|'1 Path A: Reversiblg
! iIsothermal expansion

P N D Path B+C: Reversible
adiabatic expansion
followed by heating at
constant volume

Path D+E: Reversible
constant-pressure
expansion followed by
cooling at constant volume

All three paths are reversible, but will they all involve the same work? AU? Www



Path A: Reversible Isothermal Expansion FL-10
i D PLE T Pl’ Vl, Tl - P21 V2’ Tl

The energy of an ideal gas
R depends only on the temperature...
b — Recall U = (3/2)RT

dUA =0 ] revA _&:IrevA

Since the process is reversible...
" nRT,

W,y 5 =P AV = —

rev,A V dV

W

rev, A

—nRT, InV— Orev o = NRT, InV—2
V1 V1 Y Y




Path B: Reversible Adiabatic Expansion FL-11

Pl, Vl’ Tl 9 P3’ V2’ T2 £ |: 7 D
|
£
Adiabatic: No energy transferred as heat. |
We can get W frOm dU b 1 —

Recall from BZ/PFIG slides: C,, (T) = (auj
v

T
o . au
Since ideal gas U depends only on T: Cv ( ) — d—T or
dU =C, (T)dT
Put it all together
we =AU =['C,(MAT
T el

FromT,to T,



Path C: Heat at Constant V FL-12

PN o

P3’ V21 T2 > Pz, V2’ Tl % FE R

Constant volume = NO PV Work!!
AUC — qrev,C T VVrev,C — qrev,C

We need to find q,,, ¢ and AU...
Tl
CIrev,C — AUC — jT CV (T)dT
2

From T,to T,

Path B + Path C... ; ;
AU, + AU, :szcV (T)dT —szcV (T)dT =0

W +W

rev,B rev,C

= [*c, (T)dT i



Paths D and E FL-13

Path D: Constant pressure expansion | #.ua D
P,,V, T 2P, V, T, |

- jTTc (T)dT

revD__P(VZ V) '
Uievp = AU p ~ Wievp = J;l C:v (T)dT T Pl(VZ _Vl)

Path E: Cooling at constant V
P,V, T, 2P, V,, T,

Tl
AU =['C, (T)dT Wy, ¢ =0
Oreve =AU =W ¢ = J:Cv (T)dT A

R



Path D + E FL-14

P KT
!
| A
F | E
E B LI T
I C
i E, F
- @ OO

qrev,D+E — qrev,D T qrev,E — Pl(VZ _Vl)

rev,D revE :_P(VZ V)

AU, . =g+w=0

W =W

rev, D+E



Summary... d, w, AU

FL-15

Wrev,D+E — _Pl(vz _Vl) qreV’DJfE - Pl(v2 _Vl) AU rev.D+E — 0
P K, I /”.ﬂ ‘A =—nRT1InV—2
! rev, 1
! E /

vV
d Qe o =NRT, IN-2
| 2, B, T Vi
| £ B, E AU, =0
. < O OO
T, ’ T
Wrev,B+C — T, CV (T)dT qrev,B+C — -[TZ CV (T)dT AU rev,B+C — O
AU, state function, is same for all paths but q,,, and W, L L
| &

path functions, differ based on path.

L}



Adiabatic Expansion = COOL FL-16

Adiabaticso Q=0 and dU =dw=dw | ——4%"
(note that if either Oq = 0 or Ow = 0 then the P : = E
remaining differential becomes exact) moET

| B,
For an ideal gas and reversible expansion: | .
_ —NRT
dU =C,(T)dT  dw=—Pdv = dv
Putting them together... Vv

nRT nCy o ol
C, (T)dT =——"—dV Ll - 4T = RledV

If we know how 6\/ depends on T, we can take both integrals.

For ideal monatomic gas, 6\/ —3R/?2

W W
<}

L}



Adiabatic vs. Isothermal Expansion FL-17

Adiabatic expansion (ideal monatomic gas):

3/2 3/2
T2 . Vl PV — nRT - [ P2V2 j _ ﬁ
T, V, RV; Vv,

P1V15/3 _ P2V25/3

Compare with Boyle’s Law for isothermal processes:

Plvl — P2V2



Thermochemistry: AH and AU FL-18

Recall: AH =q,, AU=q,, H=U +PV
AH =AU + PAV +VAP = AU + PAV

Melt ice at 0 °C and 1 atm given g, = 6.01 kJ/mol...
AH =q, =6.01 kJ/mol

Given the molar volumes, solid: V., =0.0196 L/mol
liquid: \7| = 0.0180 L/mol
Calculate ALT 1 L-bar=100J

1L-atm=101.3 J

W W
<}

L}



Thermochemistry: AH and AU FL-19

Consider vaporization (boiling) of water at 100 °C and 1 atm.

Given: q, = 40.7 kJ/mol, V, =0.0180 L/mol, V, = 30.6 L/mol

AH =q, =40.7 kJ/mol

Calculate AU...
AU = AH —PAV

AU = g, the heat to overcome
the intermolecular forces
holding water together. Y



Thermochemistry (con't) FL-20

We will focus on H since most chemistry is done at constant P...

Consider the absorption and evolution of energy (heat)
associated with chemical reactions.

ArH =H prod Hreact
g, =4AH <0 1 d,=AH >0
exothermic reactants —broducts -
oo 2 endothermic

T

==

-
Release of broducts:  © __reaclants - Apsorh energy
energy as heat. Figure 19.8 as heat. Heat |
Heat is one of the must be supplied
products. to drive the

reaction.
Lk bt
Recall demos from last week?! Y]

L}



Subscripts

FL-21

We, in class and text, adopt the following conventions:

Table 19 1

Reaction

Vaporization, evaporation
Sublimation

Melting, fusion

Transition between phases
Mixing of fluids

Adsorption

Combustion

Formation

General reaction

Subscript

vap
sub
fus
trs
mix
ad
C

f

r



AH Is additive: Hess’s Law FL-22

AH is a state function, and this means it is an additive property...

If we know (1) and (2),

1

(1) C +§Oz(g> — CO,,
1

(2) CO, +§Oz(g> — CO,,

A H(1) =-110.5 kJ
A H(2) =-283.0 k]

We can add them to find (3)...

EX-FL 3&4



Setup for EX-FL 3 and 4 FL-23

EX-FL3
Given: 2P +3Cl,,, = 2PCl;;, A H=-640 kI

2P, +5Cl,,, = 2PCly,y, A H =-887 kJ

Find:
PCl,,, +Cl,,, = PCIg AH =
EX-FL4
| 3

Given: 2Fe, +§Oz(g) —> Fe,05) A H =-206 kI
3Fe ) +20,, > F&0, A H=-136 kJ

Find:

4Fe, Oy, + Fe ) > 3Fe,0,,, AH= ﬁ



The standard reaction enthaply FL-24

A H is extensive: it depends on the number of moles of reactants

To facilitate the tabulation of reaction enthalpies IUPAC has
proposed use of the standard reaction enthaply (intensive)

o Defined as: one mole of reagent and all
A H )

reactants and products in their standard states
(for a gas this is one bar at the temperature of interest)

For exampie: C, + O,y = CO A H* = ~393.5 kol

(one mole of C is combusted) (Intensive)

Usetoget: 2C . +20,, . — 2C0O

(s) 2(9) 2(9)

W W
<}

L}



Standard molar enthalpy of formation FL-25

The enthalpy of formation of one mole from the constituent
elements is the standard molar enthalpy of formation (intensive)

. this means all r_eactants and
A £ H products in their standard states

1
Ha) +§Oz(g) —>H0p A ;H"=-285.8 kimol

\ ] /' at 298.15 K

Standard states at 1 bar and 298.15 K

W
One mole of H,O,, is 285.8 kJ downhill in enthalpy from the constituent elements &

L}



A H" for elements — a big zero FL-26

To tabulate values for A;H° the values of A;H” for each pure
element in its stable form at one bar and the temperature of

Interest is set to zero.

At25°C:  H, g, A;H" =0 kJ-mol+
O, () A.H" =0 kJ-mol+
Cly g) A.H" =0 kJ-mol+
Br, ) AH" =30.907 kJ-mol*
5 @) A;H" =62.438 kJ-mol+
C(diamond) A H® =1.897 kJ-mol*

Why not zerq?
Ty

See Table 19.2 for more... Y



Using A.H"to get A H FL-27

aA+bB — yY +2Z

N \ o
;aAfH\[A] bA H°[B] YA(HY] Az

# moles  per mole

A H =A H"(products)— A H"(reacants)
AH =(yA,H°[Y]+2A H[Z])-(aA, H [A] +bA, H°[B])

W W
<}

L}



Heat Capacity FL-28

Heat capacity is a path function. For example, the amount of
energy required to raise the temperature of a substance one
degree is different if done at constant V or constant P...

At constant V, the energy added as heat is g, (AU =q,)

(Ouj AU g,
CV: _— ~nN— ™= —
oT ), AT AT

At constant P, the energy added as heat is g, (AH = qp)

Which one do you expect to be larger, C,, or C,? Why? WWW

EX-FL5 E—



C, and Temperature Dependence of AH FL-29

We can calculate the difference in enthalpy at two different
temperatures from the heat capacity at those temperatures:

CP :(a_Hj Integrate H(T )_ H(T)—ITZC (T)dT
ol 5 2 1) — T, P

Problem: Phase transitions!!!

At phase transitions, C, = «. That is, there is no change in temp
as you add heat. Thus, the enthalpy associated with the phase
transition must be added In...

T

H(T)-H(©O) = [ “C3(T)dT +A H+[ Ch(T)dT

Tfus

W W
<}

L}



Benzene FL-30

Benzene: T; = 278.7K, T, =353.2K Figs 19.5
and 19.6
150 Ilqﬁ .
gas _
g / 3 80|
100 E
g E 60 |-
- solid -
I 0 ‘E 40
|
6 20
0 | I \ | e
0 100 200 300 400 500 0 | ' ' |
0 100 200 300 400 500
Tk T/ K
For T > Tvap,
Y

R




A H at different T FL-31

If you know A H at one temp, T,, and want to know it at another,
T,, we can use the heat capacities:

Reactants T AH(T,) T Products
> Want to know ' 2

AHM)
1Known: Path 1 1

T



Summary FL-32
* Energy is conserved. dU = &} + ON

U and H are state functions. g, w, C, and C,, are
path functions.

* There are many ways to discuss PV work.

* Understanding the heat consumed or evolved can
provide powerful insight into chemical reactions.

« We can use the fact that U and H are state
functions to tabulate and calculate
thermochemical values.

NEXT: Energy is not enough to predict the direction of a
. . TIRYY
spontaneous process (reaction) — the world prefers disorder.., &
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