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Thermochemistry

Formula Page Topic#S

Thermochemistry

AE=qg+w w=-PAV

AH = g, (under constant pressure)
q system e q surroundings

Constant Pressure Calorimetry(Coffee cup)
g=sxmxAT
® g is heat (J) (-g 1s exo and +q is endo)
e 5 1s the specific heat of the substance
e AT=T - 1;
Constant Volume Calorimetry (bomb)
g=Cx A7
® ¢ 1s heat (J); -q 1s exo and +¢ 1s endo
e ( is the specific heat of the bomb calorimeter (J/°C)
e AT=T;-T,

Hess's Law

AHDm . AHl + AHZ + etc

Enthalpy of reaction ( AH )

AR

xn —

Y AH’: (products) - Y AH;(reactants)



Thermochemistry

The Nature of Energy Topic#S

Potential Energy - energy by virtue of position. In chemistry, energy stored in bonds (bond energy, kJ/mol).

Energy 1s needed to BREAK bonds due to the coulombic attraction between electrons
involved in the bond and the nuclet of the atoms.

- Coulombic force - force exerted by charged particles with regard to distance,
- Bonded atoms have a lowered PE (diagram)
- Energy is released when bonds FORM. F, =k @
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Thermochemistry

The Nature of Energy Topic#S

Kinetic Energy
e cnergy of motion, directly related to the temperature of sample (KE = 1/2mv?).

¢ the KE of each species in a sample 1s equal at the same 7.
¢ Boltzmann distribution curve

® Activation energy (E,) - the minimum energy needed to start a reaction
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Thermochemistry

The Nature of Energy Topic#S

Thermochemistry
o study of energy transformations (thermal (heat) transfers)

e physics - the ability to do work (force applied over a distance)
e chemistry - two forms, KE (energy of motion, kinetic £) and PE
(stored energy, potential E)

Heat (g) - transfer of energy between two objects at two different temperatures.
Temperature (7) - measurement used to determine heat transfer, proportional to KE,,
- "heat em up" to "speed them up"
Work (w) - a force acting over a distance (w = F x d)
Law of Conservation of Energy - energy must be conserved, energy is never created or destroyed just
converted to different forms. (AKA: The First Law of Thermodynamics)
State Function - a property of a system that depends only on its present state. (regardless of pathway)

b A Thermodynamic "State Function”

A State Function is

defined as a

property of a system
T T that only depends on
the initial and final
state of the system,

and is independent of
the path followed in
getting from one to
Ti Ti  the other.
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Thermochemistry

The Nature of Energy Topic#S
Chemical Energy P AT
® Define system and surroundings 20, )
m system - where primary activity is found (Rewcsan) |
e arca of universe undergoing a g T
physical/chemical change 3 Gl .l-..m..,m.u.m..:.m.>
m surroundings - everything outside of system z if’“"' o
¢ Endothermic - £ flows into system (absorbs energy, (Prouc)
+AE)
e Exothermic - £ flows out of system (release energy, o e
“AD) o it
e [nternal energy of a system 1s the sum of the PE and | Prodece
KE of all the particles in the system. g T <
£ A< Heat absorbed from the surmoundings
)| ) L
oll@|[a] =

surroundings surroundings heat surroundings heat
“Isolated” system: “Closed” system: “Open” systenm:
* no exchange of matter * no exchange of matter + can exchange matter

* no exchange of heat + can exchange heat enerqy + can exchange heat enerqy



The Nature of Energy

e Energy is the ability to do work.
® AFE = g (heat) + w (work)

e the sign ot ¢ depends on whether energy
1s flowing in (+, endo) or out (-, exo) of
the system.

¢ +¢ heat enters system
® -¢ heat leaves system

e the sign of w depends on whether the
system 1s doing work (-) or work 1s being
done to the system (+).

¢ -+ work done ON system by
surroundings (compression)
e -w work done BY system (expansion)
® Work =-PAV (no change in volume, no work)

Thermochemistry

Topic#S

System vs Surroundings

Another way to solve for AE

AE=q+w = heat +work. Sign direction issues!

q+ L q-

Heat entering X Heat leaving
System )
)<\\_><| w-

W+
Work done Do work
SURROUNDINGS

Heat

released Work done

by system by system

4<0 w <Gl

SYSTEM

g>0 ‘v >0

Heat Work done

absorbed
by system

on system



Thermochemistry

The Nature of Energy Topic#S

Sample WS#1: Internal Energy
1. Calculate the AF for a system undergoing an endothermic process in which 15.6kJ of heat flows and

where 1.4kJ of work 1s done on the system. (Ans: 17.0kJ)
Gun NTK Unk ¥
Y . = K
q= 1154 kI DE- g+ w AE

we + L9KTY Selve:
AE= 15.6+ LY =il7.o)£3‘)

2. Calculate the work associated with the expansion of a gas from 461 to 64L at a constant pressure of 15atm.

Gun NY e Onk (Ans: -270 L-atm)
v,z 6L ws- PHV W= L-atm
Vg: (9L AV: Vg -V, = L"I—"H‘-_,gl_
P: 1S ain Selve .

= we=08)(11) = [-270 l--w’f'j
(atwy (LD




Thermochemistry

; Topic#S %
The Nature of Energy P 101.3 ke = la.l‘h""

3. Aballoon is being inflated to its full extent by heating the air inside it. In the final stages of this process, the
volume of the balloon changes from 4.00x10°L to 4.50x10°T. by addition of 1.3x108J of energy as heat

Assuming that the balloon expands against constant pressure 1.0atm, calculate AE for the process. (To
convert between L-atm and J, use 1L-atm = 101.3J)

3. Ans: 8.0x107]
Gvn NTR AE-lh'\l-( .
V) = 4.00x16 L AE"%*'*’ -
Vg = 4.50x1 L - -PAV v /:
H + )
q = +13%0°J Selve:  1s -(;)(qgowo . 4.06 x10°)"

w--Soo;c/o 'ﬁ*""( 0133—)
P=1atm m =" s
RiEs (J,l.%m’u) +(-5.1x10"3)

R.0Xw0!T




Thermochemistry

Enthalpy and Calorimetry Topic#S

e Enthalpy (H) - flow of energy (heat exchange) at constant P between 2 items. Measured in kJ/mol,.
m measure only the change in enthalpy, A/
m state function
mAH= g, ot AH = gpen

¢ g is measuered in joules while AH is measured in kJ (convert J to kJ by adding (x 107%) to its value)
® 5409] becomes 5409x107 kJ (5.409 kJ)

® A/ can be calculated from different sources
m stoichiometry
m calorimetry
= from tables of standard values
® Hess's Law
mbond energies



Thermochemistry

Coffee Cup Calorimetry Topic#S go=sxmx AT
=
eg,=sxmxA7 _ —
m g is the amount of heat moved At 11;({1 gl(()ll(gs)pr
od

¢ -g moved from system to surroundings (exo)

¢ +g moved from surroundings to system (endo)
m 5 (specific heat; can use the variable, C)
mm is the mass of the system (when dissolving compounds, m, is the total mass of the water and compound)
® A7 is the change in temperature of the system with A7 = 7¢- 7;
B Jobject — -Gwater (When an object 1s 1s immersed in water and a heat transfer starts)

e After equilibrium has been reached, what is the temperature of both the object and water?

Specific Heats Capacities of

Some Common Substances
Specific Heat 0+ Fe
Substance Capacity (J/°C-g) @

H,0() 4.18
HLO(s) 2.03 1oy Al
Al(s) 0.
e(s) 0.4
Hg(/) 0.14

C(s) 0.71



Thermochemistry

Enthalpy/Calorimetry (Stoichiometrically) Topic#S

4. Upon adding solid potassium hydroxide pellets to water the following reaction takes
place: KOH(s) — KOH(aq) |F 43kJ/m01i
(a) Does the beaker become fvarmerJor colder?
(b) Is the reaction endothemjcm
(c) What 1s the enthalpy change for the dissolution for 14.0g of KOH? (Ans: -10.7kJ)

Gun N_'”"- Unw
Imd KOH = =43 KT Ad = -t KT

AH=""’3 g%'{

) el
I med KOH= “493 KT ¢ (ye:
14.0 9 KOH 1.0 KoW } lmel —‘132 = _(_Q_“IZQ i

{ 50100 [ lemel /m

KoHG) i

Afgon s SIL. Il 3/mnl




Thermochemistry

Enthalpy and Calorimetry Topic#S

5. When 1 mole of methane (CH,) is burned (combusted) at constant pressure (coffee cup), 890kJ of energy is
released as heat. Calculate AH for a process in which a 5.8g sample of methane is burned (combusted) at

constant pressure. i (Ans: -3‘.’221%.])
Gun = —
Imol CHy = - 390KT CHy +20, = CO; +2HO 4y -
5.34 CH, MM = 1L.05 g/ml

5.8 CHy [ tmel [ 390K L2562 kT

o |




Thermochemistry

Enthalpy and Calorimetry Topic#S

6. Consider the combustion of propane: C;Hg(g) + 50,(g) — 3COx(g) + 4H,0(7) (AH = -2221KkJ). Assume
that 1.3x108J of energy comes from the combustion of propane. What mass of propane must be burned to

furnish this amount of energy assuming the heat transfer process is 60.% efficient? (Ans: 4400g)
bun NTK Lnk
AH: 13x°T 6070 efficient - 430349 GH
(32105 KT MasS, y = 43039 G
MM, e 411 9/md
Selve: i
3xe’ky | U | Jmol GHy [ M1y o303

\ o.c,ol -2221 k3 lmd Gl

% T the processis 0% cfficient ) dividing by 0.60 wi 1\
ﬂ"" you Yo 10070 of origiasd reactand /cmqn Jedc.



Thermochemistry

Calorimetry Topic#S
Calorimet s "". -ﬁsnrr
ry Y
e measuring heat by observing a temperature change when a body absorbs/loses energy as heat.
e coffee-cup calorimetry ((@ constant P) - use nestled coffee cups to run an experiment where final
temperature (75) and initial temperature (7;), and mass/volume of reactants are collected.
¢ g = AH (remember q is in J while A/ isin kJ)
e Heat capacity - amount of energy needed to raise the 7 of 1gram of a substance by 1°C.
+ Specific heat capaci@- the heat capacity of a specific substance
» water = 4.184 JrgZK, (note label)
» Jcal =4.184]
® Molar heat capacitymw of substance (J/mol-K)
= water = (18.02g/mol)(4.184J/g-K) = 75.40 J/mol-K
e Energy (g) released/gained (constant-pressure calorimetry)
"g=mxC,x AT ormx Sx A7
mTS mass of substance
C, or S 1s specific heat capacity of substance
AT=T1:- T, . ' .
" gren — - grzo (heat either flows from water or 1s absorbed by water)
TN —




Thermochemistry
Topic#S

Calorimetr. .
Constant- %’ressure Calorimetry
7. In a coffee cup calorimeter, 100.0mL of 1.0M NaOH and 100.0mL of 1.0} HCI are mixed. Both solutions
were originally at 24.6°C. After reaction, the final temperature 1s 31.3°C. Assuming that all solutions have a
density 1.0g/cm’ and a specific heat of 4.184J/g-°C, calculate the enthalpy change for the neutralization of
HCI by NaOH. Assume that no heat 1s lost to the surroundings or the calorimeter  (Ans: -56kJ/mol,.,,)

& NTK (on-+ 1+ = 10) ™
T'. = 34.6°C System? NoOM + HCl = NeCl+ HON s 5 ¢ X =
Tg =313 °C AT= Tg - 1':-313 2t im L 2 2w
'f -2‘10 fem? Mug s 1000t 42 mL 100g \Aroi% water

Sol-\) . J,;;" T Mpy.off - 100.0mL 3 19 = OO ¢ (1,!‘“"9( -
o 4 % wa ¢
¥ - elve! - AT

new (V"’lrm — Z”z mx S x

% (2009204154 T)(G"C) 56073
Uren"Tyo =-(5L073)
joomLUCl] 1. [ 1mlH* _ 0,lmAH,0

NooomL | IL AT
SO Al | ...._‘596731 Ky ‘_SGOTKG/OIMJ “ r-"”—":

mol l/ooo T H,0




Thermochemistry

Calorimetry Topic#S

8. (OYO) When 1.00L of 1.CM Ba(INOs), solution at 25.0°C is mixed with 1.00L of 1.00M Na,SO, solution at
25°C 1n a calorimeter, the white solid BaSO, forms and the temperature of the mixture increases to 28.1°C.
Assuming the calorimeter absorbs only a negligible quantity of heat and that the specific heat capacity of the
solution 1s 4.18J/°C-g, and the density of the final solution is 1.0g/mL, calculate the enthalpy change per
mole of BaSO; formed. (Ans: -26kJ/mol,,)



Thermochemistry

Calorimetry Topic#S
Constant-Volume Calorimetry ® where C, 1s the heat capacity of the bomb calorimeter
e reaction takes place in a bomb calorimeter ~ ® combustion of gases to determine heat of combustion,
o= Cp x N7 B i

9. It has been suggested that hydrogen gas obtained by the decomposition of water might be a substitute for
natural gas (principally methane). To compare the energies of combustion of these fuels, the following
experiment was carried out using a bomb calorimeter with a heat capacity of 11.3kJ/°C. When a 1.50g sample
of methane gas was burned with excess oxygen in the calorimeter, the temperature increased by 7.3°C. When a
1.15g sample of hydrogen gas was burned with excess oxygen, the temperature increase was 14.3°C. Compare

the energies of combustion (per gram) for hydrogen and methane.
un

S(¢ )__“_.3 K3 / : (Ans: 2.5 tilrll\e{s_rl_nlg)fe energy per gram of H than per gram &f EI?Z)
P - . ’ i L= SAN ]
meny = 1509 2= Cox BT

AT= 2.3°C Sealve:

my, = 1185 H,: §=CerPT" W3 ®SL.x14.3°C= IL[.5T KT /) 15,0,
DT: 1413’c

. - = Y - ?2. ‘fq KT ’,56 Cny
CH: = Cp¥ 0T 13K/ 2137 /). 56,

\% nz)l \L'.Sﬂk-:)_ - ‘qo S K3 isul \S. lr,(‘l-lq
115y ' 140.5 $9.94

laCHy X 32.79 k3 5449 5T
L LA (3.3 Ii



Thermochemistry
Enthalpy Change Topic#S

¢ Enthalpy (AH) - flow of energy (heat exchange) at constant P between 2 items. Measured in kJ/mol,.
¢+ +AH is when heat enters a system, exits surroundings (endothermic, net absorption of energy by system)
f + -AH is when heat leaves a system, enters surroundings (exothermic, net release of energy by system)
AN>O ) * AHx s enthalpy of reaction.
* AH_ o 1s enthalpy of combustion (burning), release oxides of combusted material
BH<O + AH; is enthalpy of formation of 1 mole of a compound from its constituent elements.
Elements are in their standard states. AH; for elements in their standard state is 0 kJ/mol
- for Na(s), Ox(g), Hg(/), ete the AHris ZERO
¢+ AHj 1s heat absorbed to melt 1 mol of a solid @ mp (energy needed to overcome IMF's, IMF's are
forces that hold particles together to form liquids and solids) . '
s AHu(H:0)—6.009T/mol  Calenlade E = (milesd(BHY= KI5
¢+ AHyy 1s heat absorbed to vaporize 1 mole (overcome IMF's) of liquid @ bp.
* AH,(H20) = 40.7kJ/mol
¢ Standard Conditions - latm and 25°C (298K) AY f- ka‘/m,,{

SCly: (vaby >y Ah-Bx




Thermochemistry

Enthalpy Change Topic#s
ENDOTHERMIC — Exothermic Endothermic
IO e I ‘
Patential w—-
energy {
(k) +aH A H>O
|
[reactamts
reaction p:ﬂwﬁy
EXOTHERMIC .. @
complex —1
{activation L~ N 000000 1 mol of a solid @ mp
Potential I i o
energy | reactants T
e ~an AH <O

move!!

products




Thermochemistry

Heats of Formation Topic#S

Big Mamma Equation AHDm = ZAH f(products) = ZAH/(I‘eacmnts)

AHx, can be calculated from the reaction's individual compounds' heat of formation.
Thermo Sample Problems WS#2 - Heats of Formation
1. Given the following information, calculate the AH®y, for the chemical reaction:

3AI(s) + 3NH,C104(aq) — ALOx(s) + AlCl(aq) + 3NO(g) + 6H,0(g)

Substance AH(kI/mol)

NH.CIO4(aq) 295

ALOs(s) -1676

AlCls(aq) =704

NO(g) 90.0

H:0(g) -242 (Ans: -2,677 kI/mol,.,)

Gyn NT I~ On
Deta (AH) Aflon= SO0 Lo - Bl

Selve: gy = [onstiaye AWACL)+ 3aHN0) & AN (“z°\]
- Bbﬂ;fﬁn + 35\-\‘ (ml.,ClonﬂJ
BHanx (C1LT0+ (09) + 3(w)+ b (242)) -(sto)as(-m))

= €3¢52) -(-i85)={—3477 k3)




Thermochemistry

Heats of Formation Topic#S

3 + 60x(g) — 6CO(g) + 6H:0()) + 28{)(@\ ADHn= 28060 7
Occasionally, not all values are found in the table of thermodynamic data. For most
substances, it 1s impossible to go into a lab and directly synthesize a compound from its free
elements. The heat of formation for the substance must be calculated by working backwards
from its heat of combustion. Calculate thefAH, of CsH1206(sp given the combustion reaction

above along with the following information: (Ans: -1276 kJ/mol,.,)
Substance AHPKI/mol)
COa(g) -393.5
H.O() -285.8 Un e
Gun _ﬂ.ﬂi AH‘Y (C;R,;O(D e
Data A”'Vﬂ: ibppw] - é.Aut'rtd'
Solvt :

2 2300 = [CBNLCoD b BHMD) |- [ARg (1! can o))
~a300: (((-393.5)+ (42959 - (OHg (CRa0,) + L(0))
S2%06 = ~2361 + (1714.8) — BHg (¢ N5 0,)
~1300 4 23L) + 1743 = -D¥g (R0
1295.2 = ~aHs ((Ra9,)

Ol ((gﬂ.-;_OJ :[‘ 1275.% KJ/“.ll



Thermochemistry

Heats of Formation Topic#S

3. The thermite reaction occurs when a mixture of powdered aluminum and iron (III) oxide is

ignited with a magnesium fuse. Using enthalpies of formation, calculate the standard change in
enthalpy for the thermite reaction. (Ans: -850kJ])

Gwn NTk Un K
Data J\A |+ F-.JDB ] Fe + A'z 03 AN e KJ

4 pr-n g i A”’“P"‘*‘J-ﬁ A"F[rmd‘)

[~}
So\ve! ANcac [210});/5‘3* Qrg Mlz%)} . f 3 Ay{t'm)mu, ( ngos)J

|

ﬂ”j; (Algcaj -0 ]4;_ (Foz Da)

(AeT) ~(-320): [[F50 K]

"

~ Standard En
iholpnes of Formation

-Severol Compounds a

2556 o
¢ mnpuuun' AH ' (kJ,
NHa(g) —
NOa(2) 4
H>O(0) ]
AL Os(s) —-16°

Fe>0s(s) =8

COx(2) =3
CH;OH() e

CgHys(0) =2



Thermochemistry
Hess's Law Topic#S

e [ess's Law
m AH, = AH, + AH, + AH; + etc
® Characteristics of AH for a Reaction
e [f a reaction is reversed, the sign on AH is also reversed
e AH is directly propotionate to quantities involved in reaction, if the
coefticients are multiplied by an integer, so is A/



Thermochemistry

Hess's Law Topic#S

Remember enthalpy is independent of pathway, so a combination of chemical reactions can be added up to give an overall
reaction. A sum ofthe AH's from these reactions will be equal to the AH of the overall reaction.

Manipulations:

(1) Multiply/Divide by a whole number (multiply/divide AH by the same whole number)

(2) Reverse reaction (changes the sign on AH)

4. Calculate the AH for this overall reaction,lgH3B Oz(ag) — B20s(s) + 3H2®) given the following equations:

2 H3;BOs(ag) —2HBO1(aq) RH,0(7) AH =-0.02kJ/mol,y,

H>B40+(aq) + HXO(/) — 4HBOx(aq) AH =-11.3kJ/mol,y,

2B4Q7 aq) — 2B,0s(s) + HO()) AH =17.5kJ/mol,, (Ans: 14.4kJ/mol,.,;)

2H5603 —"llj/\'goz-!-ZHAO 2(-0.02 KT)
20, —S 4607 +4H 0 - (N3AQ)(Y)
&

Y 7 820,% LYo (Y(1N-5)
s B B0 v 30y, m(atood (L))
IH,80, —> B,0, + 3K + (nsh)

~ (443 k3 (14.5K3)



Thermochemistry

Bond Energies Topic#S
Al = T Bond Energiessoken - > Bond Energiesromed
Remember: (reactant bonds) (product bonds)

It takes ENERGY to BREAK bond:
FORMED bonds RELEASE energ

5. Calculate the change in energy that accompanies the following reaction given the data below:

Ha(g) + Fx(g) — 2HF(g)
Bond Type Bond Energy
H-H 432 kJ/mol
F-F 154 kJ/mol
H-F 565 kJ/mol (Ans: -544kJ/mol,y,)
GINn NTR Unk
= -
deta g+ F,= 2HF Y 544 KY

DPrn= Z Berds broken = S, Bands formed
Salve:  H-H + E-F —»2(H-F)

Aum.{@azh (g - [2(5¢5Y)

= 53¢ - N30 - (— S44 K'J')



Thermochemistry

Bond Energies Topic#S
Al = T Bond Energiessoken - > Bond Energiesromed
Remember: (reactant bonds) (product bonds)

It takes ENERGY to BREAK bond:
FORMED bonds RELEASE energ

6. Hydrogenation of double and triple bonds is an important industrial process. Calculate (in kJ) the standard enthalpy
change AH for the hydrogenation of ethyne (acetylene) H-C=C—H(g) + 2H.(g) — H;C—CH;(g)

Bond enthalpies (in kJ/mol): C—C (347); C=C (839); C—H (413); H-H (432) (Ans:
-296kl/mol, APV NTIL Unk 1L
data H =C3C-H+ 3B H ¢ H OHppp> 22 KT
oo
. ]
Solve: BH-czc-v + 2 (1n1) Fu-C~ %-p
H

AH,, =|2 Cc-n) + (CEC)-l- ZCI-H-H:]— C 6 (e 4 (C-C\j
AHMn:E( "“3)"‘ (€31) + 2('{3'}1 = EC("'B')-‘- (3"‘1)]
:(cm. +9314+ Z6d) -~ (28295)

= 3524 - (2526)(F2%¢ KY)



Thermochemistry

Hess's Law Topic#S
AH = ZAHf(products) = ZAHf(reactants)

7. (OYO) Given the following data:
SrO(s) + COx(g) — SrCOs(s) AH=-234kJ

2S10(s) — 2Sr(s) + Ou(g) AH=+1184kJ
2S1COs(s) — 2Sr(s) + 2C(s, gr) + 30x(g) AH=+2440Kk]
Find the AH of the following reaction: C(s, gr) + O,(g) — CO,(g)

(Ans: -394k J/mol,.,,)



Thermochemistry

Bond Energies Topic#S

AH =3 Bond Energiesgoken - > Bond Energiesgomed
8. (OYO) Using bond enthalpies, calculate the reaction enthalpy (AH) for:

CH.(g) + Clx(g) — CH;Cl(g) + HCI(g).
Bond enthalpies (in kJ/mol): C—H (413); CI-Cl1 (239); C—CI1 (339); H-CI (427)  (Ans: -114kJ/mol,.,,)



Thermochemistry

Bond Energies Topic#S

Speaking of bond energies, lets clear up some common misconceptions AND make some dazzling connections!

1) Vocabulary for phase changes is directional as well as very specific. You will have to mean what you say and
say what you mean within a FRQ.

2) Phase transitions involve overcoming mtermolecular forces (IMF) - London dispersion forces, hydrogen
bonding, dipole-dipole forces, and ion-dipole forces.

3) Fusion (melting), vaporization, and sublimation require an input of energy to overcome the attractive forces
(IMF) between particles of substance in a liquid or solid phase.

4) Freezing, condensation, and deposition release energy as IMFs form, since particles achieve a lower energy
state (due to a decrease in temperature).

5) Difference between vapor and gas (semantics) - a gas 1s a gas at room 7 (don't say "oxygen vapor"). A vapor
1s the gaseous phase of a liquid at room temperature ("water vapor" is gaseous water molecules above
liquid water at room 7).

6) Be very, very clear that changes in phase only involve altering IMF, not altering chemical bonds (covalent,
1onic).

- strength of IMF depends on the characteristics of the substance (ionic, molecular (polar vs. nonpolar)

AHSusion(H;_O)g 6.00 ¢1-

A“ l})k\; is Yl Auu‘f, l“zO} So mich l‘“‘ﬂ!"‘

sgclyennie: Than the Db ory o) 2



Thermochemistry

Bond Energies Topic#S

7) Generally, the more polar a molecule is, the stronger the attractive forces between molecules.

8) More polar molecules require more energy to overcome these attractive forces in an endothermic phase
transition (melting, vaporization, and sublimation) and release more energy during an exothermic phase
transition (freezing, condensation, and deposition).

9) Phase transitions involve the "breaking" or "forming" of IMF's (attractive forces between particles).

10) It is necessary to discuss the energy transformations that occur with the breaking/forming of these forces.

3.5 e
dibla 4 -
/o\ 9 £ /O & '\(
a“, Gas v Her W82 . <
[ 00’,’.” a d . P “ v "o o.
35205 11, -
ENsigy s 35323 sl p Momerd Tl
~0.49 - ':7 L L § o
?Jv\}w"'f‘) 15 e ' d:pole~dipele fore <
nec PC. & S 3 ) H‘] ‘lmj‘"b‘nlfhg
Solid :  Seomgess dipale -
" d:pole Lorce.,




Thermochemistry

Heating Curve Topic#S

1) Should the A/B line be longer an the C/D line for a heating curve .‘3:5
of water? Why? il

2) Does the process above represent a collection of chemical changes, éhysical ) iy

changes or both?

_’

3) What type of force is involved in the changes you identified in question 2? | S888_ 42 46.7&7
intermilecelar forces (IMF)  Jiple-d prl7, & — e ykperi Tt
4) Define temperature. f!-} -bmding (.00 V-TAJ
KEav LOF -Londen rwald
5) What parts of the curve involve temperature change? d i ypasian TR duckingsciencebombs
hca*ina/cadmﬁ of o phase foret? LR

6) Which mathematical formula is appropriate for calculating the energy \5 radnced 47 P ples

associated with the processes you identify in question 5? ' i

QzMx SXADT —7 _4 E e
7) Which conversions on the curve involve&)ofaltial energy changes? @J veee- € @
Fhuc Changes (s> 1, L-bj) & S
A —

8) Which mathematical formula is appropiate for calculating the energy
associated with the Erocesses you identify in question 77

(moles of substance) x AW, or AU,

9) How do you calculate ¢ for the processes identified in number 8 if you are
o 2 ]
only given the mass of the water sample? co'” 4 Ma $S Tndo Meles Yhen m"h'fl'f b" A“ fus al A“w
10) Which portions of the graph represent equilibrium conditions? A .:. B c k 0



Thermochemistry

Heating Curve Topic#S

11) Calculate the amount of energy needed to heat a 55.5g sample of water from
-15.0°C to 140.°C. (Ans: 172kJ)

= o-(-18)%15
® Aleea(ss.;)(éﬂg)(\sl - )J15530 *

Temperature (°C)

AP = 55.5 x lmk x 6028 . ¢ 5 kT
180 mnrl

AT’(OO‘O;IOO x‘
g = (5.5 408X 100) = 2egpiad I

€)
@
® oh: (655 ImA\X 40-7ET - [ 5.4 KT
®

= /40 100 = 18,6/ W\')
b{"’mﬁs‘;-sgo(!ﬂ)(qo) - 443) T aF

= |+ 2+ 324+ 5

@ J755 ; 185 j 23,191 125. 4
j000 1000

Sewn

Energy {J)

Substance

Sto( = 2.108 J/g-°C
Sizop = 4.184 J/g°C
Stog) = 1.996 J/g-°C
AHj = 6.02kJ/mol
AH,p = 40.7kJ/mol

4 ¢43)
1000 __



Thermodynamics

Topic#S

Thermodynamics
Entropy (S) & Free
Energy (G)



Thermodynamics

Thermodynamic Formulas Topic#S
Entropy
Asomn = ZASOPI'OduCtS = ZASOreactants

heat transferred q —AH J
=== expressed In —————
temperature at which change occurs T T mol_, -K

ASsmrrou.ndings .

Gibb's Free Energy
AGODm = ZAGOproducts = ZAGOI'eactants

AGOpn=AH° - TAS®

ASm]iverse = ASsystem + ASsun'omldmgs

ASSILITOUJIdngS =AH suroundings — 'AHsystem

£ : AG° = -RThK

K = g AGIRD) op K = - AGI2.47
AG=AG°+ RTIInQ
AG = -nFE°



Thermodynamics

Thermodynamics Topic#S

® Entropy (AS) - measure of the dispersal (disorder) of matter and energy, measured in J/K.
m +AS increase in dispersal (disorder) AS>o
m-AS decrease in dispersal (disorder) AS <O
® Gibb's Free Energy (AG) - determines themodynamic favorability and calculating the theoretical amount
of energy to do work. Measured in kJ/moly,.
m +AG indicates non-spontaneous reaction (not thermodynamically favorable reaction) A 6 > &
® -AG indicates spontaneous reaction (thermodynamically favorable reaction) A ¢ <0
® Thermodynamics - study of energy and its interconversions.
® Work - Force acting over a distance, w = F x d = -PAV (where gases are involved)

(Amend)



Thermodynamics

Thermodynamics Topic#S

‘What drives a reaction to be thermodynamically favorable?
® AH : enthalpy, amount of heat exhange (exothermic (-AH) processes are favorable)
® AS : entropy, amount of dispersal (disorder) in a system (an increase (+AS) in dispersal (disorder) is favorable).
® Thermodynamically favored reactions involve both a decrease in system energy (AH<0)and an increase in entropy (AS>0).
® Remember from electrochemistry, a AG less than zero is a thermodynamically favored reaction.
* Do not use "spontaneous" to describe a thermodynamically favored reaction.
Use "thermodynamically favored."
® Thermodynamics does not predict nor take into account the rate of reaction (kinetics, next topic).
® Some reactions are fast (combustion of hydrogen) or slow (graphite to diamonds) but both are thermodynamically favored.
® 15t Law of Thermodynamics - energy is conserved.
e 2 [ aw of Thermodynamics - the universe is constantly increasing the dispersal of matter and energy (ASuiy > 0).
® 3% Law of Thermodynamics - the entropy of a perfect crystal at OK is zero. Not many perfect crystals so the absolute

entropy for any substance can be determined for any 7 > 0K. (Handy if you need to defend why G and H for elements 1s
zero, but S is not! Dormain o

(the

Reaction Progress



Entropy (S) Topic#S

® What is entropy anyway? - thermodynamic function
that describes the number of arrangements
(positions and/or energy
levels) that are available to a system existing in a
given state. Nature spontaneously proceeds toward
the states that have the highest probabilities of
existing.

Why is this process thermodynamically favorable?

More ways of having the gas evenly disperse than for it to
be in any other state.

Thermodynamics

Ideal gas expansion.
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Thermodynamics

Topic#S
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There are 16 different ways to distribute four gas molecules between the bulbs, with each distribution
corresponding to a particular microstate. Arrangements I and V each produce a single microstate
with a probability of 1/16. This particular arrangement is so improbable that it is likely not observed.
Arrangements II and IV each produce four microstates, with a probability of 4/16. Arrangement 111,
with half the gas molecules in each bulb, has a probability of 6/16. It is the one encompassing the
most microstates, so it is the most probable.



Thermodynamics

Entropy (S) Topic#S

Predicting the entropy of a system is based on physical evidence:

The greater the dispersal of matter and/or energy in a system, the larger the entropy.

e The entropy of a substance always increases as it changes from solid to liquid to gas

e  Whena pure solid or liquid dissolves 1n a solvent, the entropy of the substance increases (Carbonates are an
exception! Carbonates interact with water and actually bring MORE order to the system.)
When a gas molecule escapes from a solvent, the entropy increases

e Entropy generally increases with increasing molecular complexity (crystal structure: KClvs. CaCl,) since there are
more MOVING electrons!

¢ Reactions increasing the number of moles of particles often increase entropy.

1. For each of the following pairs, choose the substance with the higher positional entropy (per mole) at a
given temperature.
a. Solid CO;, anfl gaseous CO, b. N> gas at 1 atm and N,

sat 1.0x1072 atm

2. Predict the sign of the entropy change for each of the following processes. Justify your answer.
a) sugar 1s added to water to form a solution. 4 NS

b) Iodine vapor condenses on a cold surface to form crystals. -DS



Thermodynamics

Entropy (S) Topic#S
BIG MOMMA (verse 2):AS8%xq = 2 AS roducts - 2 AS reactants
Calculating Entropy from Tables of Standard Values
AS is (+) when dispersal/disorder increases (favored)

AS is (-) when dispersal/disorder decreases
Note: units are usually J/mol.,-K (NOT kJ!

3. Calculate the entropy change at 25°C, in J/mol.K for
280x(g) + O2(g) =2 2S03(2) Given the following AS data:

SO(g) 248.1
3mil gas TP 2miesqes ) 205.3
SOs(g) 256.6 Ans: -188.3J/mol.,-K

AS tan iAS‘puJ - éﬂs-rtae-l-
(2503 - [ (250,04 (0))

202500 — (3(247.0)3 205.3)
s & _’OLS — - -
. 5132 E?% 3 %’“K}

sl




Topic#S

heat transferred

Entropy (5)

Thermodynamics

q J

expressed n

ASsurrouudi.ugs -

temperature at which change occurs

T mol_, -K

4) In the metallurgy of antimony, the pure metal is recovered via different reactions, depending on the composition of the ore.

For example, iron 1s used to recover antimony 1n sulfide ores:
4t 2 o O 47
ShS:(s) +3 Fe(s) > 2Sb(s) +3FeS(s)
In oxide ores, carbon is used:
wa O o 2v3°
SbyOg(s) +6C(s) =4 Sb(s) + &CO(g)
(1) Identify the reducing and oxidizing agent m each reaction.
(2) What is the oxidation number for Sb in each of the reactions. 3 4

(3) Balance the equat]ons using redox half-reaction method.

(-#l SkyS 3 BFC —22sb +3FeS
rc"' 3\, +be”— 2 5b°

ox:Mare w3f 4810

4) Calculate ASqy for each of these reactions at 25°C and latm.

@

AS =-0R  (ps my,...h(woo_;'_) -
( T T K: i
ol K (973425

5!,,_5s -oxidizing aqent
Fe - redncting agent
121

aqent
Sb‘ta rb ur.v}\ ?

¢ - reducing aqent

AH = -125k)/molyy

L ox.

AH =778 kJ/moly,
£3*
(#2)

$ByO, + ¢C Sk * LCO
rw: L..l + ‘28 _'.' qSl’
oOxX: LC —’LC 3

@
As:

3
4]

.__A_H ~(mn (10003; S EALY
T 29%

J/mol, K and -2.61x10°J/mol,, K



Thermodynamics

Entropy (S) Topic#S

Entropy Summary
+AS = more dispersal (disorder)
-AS = less dispersal

How does a reaction occur spontaneously?

Since heat will flow between system and surroundings we can use this equation:
ASlmiveTse = ASsystem + ASSILITOllHdiIIgS

+AS then reaction is thermodynamically favorable
-AS then reaction is NOT thermodynamically favorable

Consider the reaction: 2Hx(g) + Ox(g) 2 2H>0(g) (when ignited reaction is fast and very exothermic!)

AS =-88.9 J/moly K and AH = -483.6 kJ/mol
1) Why is AS negative? (emetren Qrodwees 2 moles o f qas from Jmileso § reactants
50 As <0 -H\!rl’h‘t.

2) Why is this reaction thermodynamically favorable? A ware "4"'3 e “37“'" ive enthal ey & ad

1st Law of Thermodynamics - energy is transferred ffom the system 7o the surroundings (and vis-a-versa)

ASsmemdings :Msm‘rmmdhlgs . 'A_Hsystem == C' qt; -LYWOD) - ,L 2 3 J"
T ¥ 29 9 = Aabk

Solve for ASuiv:
ASlmi\‘erse - system i ASSI]J]‘DqungS s (-%7' 1) -'. ( IL 2 33 = )53" ® ‘ —
mol- K
Even though there 1s a decrease in entropy the reaction is so exothermic it 1s spontaneous.
Conclusion: very exothermic reactions are spontaneous regardless of a negative entropy change.




Thermodynamics

Entropy (S) Topic#S

5. At what temperature is the following process spontaneous at 1 atm? Br(/) — Bra(g), AH® = 31.0kJ/mol and
AS° = 93.0J/K-mol. What 1s the normal boiling point of liquid B1,? (Ans: 333k)

Gun Nrwe Ure
ﬂHog 31.0 KJZ'“' Asnn B A-:'}. T H K
s ?3.0‘]-/".“4
Selve
> 93.07" . (3oky D(”’” )
w{,,m.;- TAS K-md

AS'—'&‘_“' ) (3]0:“0 )f/m)/)) 333 K
3l = /% - oot j



Thermodynamics

Entropy (S) Topic#S
6. (OYO) Calculate the thermodynamic boiling point of water given the following information:
H,O() — H,0(g)

AHyyp = 44kJ/mol,.,,, and ASyep = 118.8 J/mol-K,... (Ans: 370K)



Thermodynamics

Entropx ! S! TO])iC#S
7. Predict the sign of AS® for each of the following reactions: o Lol wd

a. The thermal decomposition of solid calcium carbonate: CaCOs(s) — CaO(s) + COy(g) NS 7 O
b. The oxidation of SO; in air: 2SO,(g) + O2(g) — 2S0s(g) AS <o
Lk lwb 2w

@ BN imel(s) 40 | nd(s)l + lrwf.la)

LY -As Fwhee (5) @ 2wk (3)



Thermodynamics

Entropy (S) Topic#S
8. Calculate AS® at 25°C for the reaction 2NiS(s) + 302(g) — 2SOx(g) + 2NiO(s) given the following
standard entropy values: $° (SO,) = 248J/K-mol, §° (N10) = 38]J/K-mol, §° (O;) = 205J/K-mol, and §°

(N1S) = 53J/K-mol. (Ans: -149J/K il
Gvn N1 e i
BSesne 343 il * S A Cxn ——‘TI
AS valwes f -
Solur:

BS,,.= (356, +2Mi0) ~( 2 Mi S + 30,)
ASin = [z(zmn(ssﬂ - [2(53) £3(205)]

- - E’ 6‘3‘:
= §72-721=(-14 41-&




Thermodynamics

Entropy (S) Topic#S
9. (0OYO) Calculate the AS° for the reduction of aluminum oxide by hydrogen gas:

AL Os(s) + 3Ha(g) — 2Al(s) + 3H,0(g).
Use the following standard entropy values: S° (Al,O;) = 51J/K-mol,
S° (Hy) = 131J/K-mol, §° (Al) = 28J/K-mol, and S° (H,O) = 189J/K-mol. (Ans: 179J/K)



Thermodynamics
Eree Energy (G) Topic#S

What is Free Energy (Ans: Sunlight HalHaHaHaIa!)'
® The value of Gibbs Free energy, AG, decides whether a reaction is thermodynamically favorable or not.
¢ -AG indicates thermodynamically favorable
*+ +AG indicates thermodynamically unfavorable
Two methods to solve for AG
¢ "Big Momma" Equation (verse 3), AG°mn = 2 G%roducts - 2 (Creactants
* need a table of AG® values for the compounds
A the AG® values for elements in their standard state is OkJ/mol
¢ answer 1s 1n kJ/moly,

3
e "Grand Daddy" equation: AG°y, = AH® - TAS® (ﬂ S xi10 3
¢ Remember: AH° is in kI while AS° isin J, convert I into kJ by adding (x10?) to value of AS° and
changing label to kJ

* Questions regarding free energy will more than likely require you to calculate AZ{° through Hess's law,

calorimetry, or use of a table and Big Momma versel.

+ At equilibrium AG® is equal to 0, so equation becomes 7 = AH®/AS°. This would be the temperature at
which a substance changes state under normal conditions (a question on bp can be asked in a
thermodynamics question).

® You can use Hess's Law to calculate AG°.
e "Rat Link" equation
¢ Used to calculate K from AG®
¢ AG® =-RTInK (where R = 8.31 J/mol.K and AG° = 0 at equilibrium)



Thermodynamics

Eree Energy (G) Topic#S
Relationship Between AG°, AH’, T, and AS°
e AG® = AH°® - TAS®
¢ Any exothermic reaction (-Af{°) that increases in dispersal (+AS°) 1s ALWAY'S thermodynamically favorable!
e Any endothermic reaction (+AH°) that decreases in dispersal (-AS°) is ALWAY S thermodynamically non-
favorable!
¢ An endothermic reaction (+AF/°) that increases in dispersal (+AS°) is thermodynamically favorabale at HIGH
termperatures. Non-thermodynamically favoarble at LOW temperatures.

e An exothermic reaction (-Af{°) that decreases in dispersal (-AS°) is thermodynamically favorabale at LOW
termperatures. Non-thermodynamically favoarble at HIGH temperatures.

AH AS -TAS AG Spontaneity
+ - + + Nonspontaneous
- + - - Spontaneous
- - + +or- Low Temp: Spontaneous
High Temp: Nonspontaneous
+ - - +or- Low Temp: Nonspontaneous
High Temp: Spontaneous




Thermodynamics

Eree Energy (G) Topic#S
Substance AH? (kJ/mol) S° (WK - mol)
SO,(2) 297 248
SOs(g) 257
1. 2804(g) + Ox(g) — 2S0s(g) 0,(g) 0 205
The above reaction was carried out at 25°C and latm. Calculate AH°, AS®, and AG® using the
following data: (Ans: -198 kJ/mol,.,, -187 J/K-mol, and -142kJ/mol..,,)
Gon Nre LTS
Dk Data AC- AN-TOS 46 » — “J/mal
AS Dada

OH= ZHpul -2 Heeat
AS:SSM'ES¢¢‘¢

Solve: AH: 280, -(250 g-oz)r (1L-3q;,))—(z[-2‘l'l)+0)
b4 (THC ST

AS = 250;- (250,%40)° (2(257) - (2(293) 205)
AS <o, 05- 137 U/\L-moll

ac = C1a9) - (2as)(-1v1x07) =E/‘12 "Jm

T= 273425 =298 K




Thermodynamics

Eree Energy (G) Topic#S d

t"""u‘-
2. Using the following data (at 25°C):I6diamond(s) + Oy(g) — COz(g)AG" = -397kJ and Cgapite(s) + O2(g) —
COy(g) AG®° = -394k]J. Calculate AG for the reaction: Caiamond(s) — Ceaphite(s) (Ans: -3kJ)
. \}“) S' lve -
Pess s H——
/ CJ:‘ +O"__) cé" AC =399
co, = Cgup + 0, AG=-(-314)
Ct‘l'ﬁ — C?"'Ph"” Ac‘-uh = Acd‘.-." (—AGO“f)

[

c -39m+ (- (-319))F



Thermodynamics
Topic#S

Eree Energy (G)

3. Calculate the free energy of reaction for the oxidation of water to produce hydrogen peroxide given the

following information: 2H,O()) + O1(g) — 2H,0:(7)
AGt values: H,O(/) = -56.7 keal/molx,, O2(g) = 0 keal/molx,, and H,O,(7) =-27.2 keal/mol,

& § (Ans: 59kcal/mol,.,,)
Aé:"“ & j. A b‘ prod i zﬂé\t reack
o
@ ,Uzﬁz[l)hs = [2“20 /J) + 0 0)

= 2(-272) - (2(-54.7) =2




Thermodynamics

Eree Energy (G) Topic#S

4. (OYO) Methanol is a high-octane fuel used in high-performance racing engines. Calculate AG® for the
reaction 2CH;OH(g) + 30,(g) — 2CO,(g) + 4H,0(g) given the following free energies of
formation: AG° (CH;OH(g)) = -163kJ/mol, AG°: (0,) = 0kJ/mol, AG®: (CO,) = -394kJ/mol, and
AG® (H,0) = -229kJ/mol. (Ans: -1378kJ)



Thermodynamics
Eree Energy (G) Topic#S

5. (0YO) A chemical engineer wants to determine the feasibility of making ethanol (G;HsOH) by reacting water
with ethylene (C,Hy) according to the equation C;Hy(g) + H,O(7) — C,HsOH(/). Is this reaction spontaneous
under standard conditions? Given data: AG®% (C;HsOH) = -175kJ/mol, AG°: (H,O) = -237kJ/mol, and AG°;
(CGHy) = 68kJ/mol. (Ans: -6kl, yes)



Thermodynamics
Eree Energy (G) (Non-Standard Conditions) Topic#S A6°- Standavd emditioms

Free Energy (G) at Non-Standard Conditions Ac - Aanshandard ;gnJ.‘J-'MS-
® The change in Free Energy at non-standard condictions is represented by AG
e The equation to use is AG = AG® + R7InQ where R is 8.31x1073K7T (it is really 8.31 but

we are using AG and AG is in kI/mol.
6. One method of synthesizing methanol (CH;0H) involves reacting carbon monoxide with hydrogen gas:

CO(g) + 2Ha(g) — CH;OH(/)). Calculate AG at 25°C for this reaction where carbon monoxide gas at

{¢
5.0atm and hydrogen gas at 3.0atm are converted to liquid methanol. Given data: AG% of (CH;OH(/)) = N
-166 kJ/mol, AG° of (H) = 0 kJ/mol, and AG®; of (CO) =-137 kJ/mol. (Ans: AG° =-29kJ/mol, AG = -38kJ/mol)
Gun NTK /Q
Pio> 5.0atm ﬂe'ﬂn: Zg;twa)- zc.‘: thaazs)
Pu, = 30 mtm De-0e°+ PTING (k=731 x/07kT) e
AG‘,F clq.‘-ﬁ =] —
Selve: A6 (Cwom) —(€orh)
\ = (-1 - (=131) = [£22 KT /me]
G : 1 . |
(NN ne= -39 + (13100218 In ——
A NO U-\ orl3) in = -294 (- q.qs\ (5'03(34))

reaction Q uotient Z-38.43% ¢ \_39 K‘T/mJl



Thermodynamics

Free Energy (G) and K Topic#S
/ use AC:=: - RT In K
7. Given K = 2.81x10 !¢ for a following reaction: Cu?'(aq) + Ag(s) = Cu(s) + 2Ag (aq)
Find AG®. (Ans: 88.7kJ)
Gvn N TR Ua
DG: 86"+ RTIn K s KT
DHDe= O

AG%= - RT In K

Selve: NG : -(g_g;)(;qg\ ln(‘l.?lwo'"’)
= - (331 298)(-35. 808177)
-+ §3L757 = 3.87 o

—
—




Thermodynamics
Topic#S AG = AG° + RIInQ

Free Energy (G) and K
8. Consider the ammonia synthesis reaction Na(g) + 3Ha(g) «> 2NHs(g) where AG° =-33.3kJ/mol of N,

consumed at 25°C. For each of the following mixtures of reactants and products at 25°C, predict the

direction in which the system will shift to reach equilibrium.
a. Py = 1.00atm, Pno = 1.47atm, Pz = 1.00x10%atm (Ans: no shift)
b. Pxmz = 1.00atm, Py = 1.00atm, Pyy = 1.00atm (Ans: shift to the right, more products need to be

formed) NTV— L)n__l(:
éuﬂ ——— -
p A6= Ac’+ RTInQ S . s "
N, ? l.40atmn 8676 shift lefs shi+ :_none
_ AG<20o shif+ cight
PM‘-!.‘I'?M'M NG =0 no slm‘-"+‘
Py, : 1,00 W0 s Qelve )(215)( ! (16)
A6:(-333)+(83w0" (293) In (X 0.01)"

A= 333Vl .
(Puu’)l Ag= (-33.3)+ (x.slwo’YZ':?)(,g,.,)
Q- = (33.3)+(2.2)= O

3
(PN;)(?)-\}) 0L =0 (ﬂbs\'\iﬁ)
If AG < 0, then reaction shifts right .

If AG > 0, then reaction shifts left.
If AG = 0, then reaction is at equilibrium, so no shift.




Thermodynamics
Topic#S AG = AG° + RIInQ

Free Energy (G) and K
8. Consider the ammonia synthesis reaction Na(g) + 3Ha(g) «> 2NHs(g) where AG° =-33.3kJ/mol of N,

consumed at 25°C. For each of the following mixtures of reactants and products at 25°C, predict the

direction in which the system will shift to reach equilibrium.
a. Py = 1.00atm, Pno = 1.47atm, Pz = 1.00x10%atm (Ans: no shift)
b. Pxmz = 1.00atm, Py = 1.00atm, Pyy = 1.00atm (Ans: shift to the right, more products need to be

(b) formed) L)ﬂ__l(:
Gun _/U_T‘lf- N 6k O
p A6= Ac’+ RTInQ - SR
Nig = 100 atm Ae>o sha'-FE (t'F"h shi+ : right
_ AG<o shify cight
Pu,= 1,00k NG =0 neo sln?h“

Py : LOOaim Selve : () )

Acb"-: -333%Vy A6:(:33.3)4( 230" )(298) In G,V
2 AL+ (-33.3)+ (731207 Y248 © )
Q: (P»II,)
: . = (333)4( 0 )= 333
(PN,)(?,A,) D6 O (hifisright] cxn mokes more producis)

If AG < 0, then reaction shifts right .

If AG > 0, then reaction shifts left.
If AG = 0, then reaction is at equilibrium, so no shift.




Thermodynamics

Free Energy (G) and K Topic#S

If AG < 0, then reaction shifts right .
If AG > 0, then reaction shifts left.
If AG = 0, then reaction is at equilibrium, so no shift.



Thermodynamics

Eree Energy (G) Topic#s
9. The overall reaction for corrosion (rusting) of iron by oxygen is: 4Fe(s) + 302(g) — 2Fe;0s(s). Using the

following data, calculate the equilibrium constant for this reaction at 25°C. (Ans: e®®! or 10%¢1)
Gvn Nre

T=25°C: 298K A Houn = e g e AL .14 o)
A5%:«n = Fe,0s(s) —826 90
Fe(s) 0 27
?:.'",‘_ ;‘4‘ q 0s(2) 0 205
ce
Uny ol
Selve: o © K=-__¢ 3
o — i qo
an: ((Fe03)) (474 38,) A I S AT

AR 2(-82¢)=|-1652 k:r] K=¢e N4
AS™s (2 (Fa0)] - [4Fes 30,]
0s° = (2C20)) -L4¢a1)+ 3G 05)]

< (130- /08 - ¢15):[-5937)

A6= AH-TAS= CI52) - (298X-593x0°")

:[HTP TR} (K9 (53)




Thermodynamics

Free Energv (G) and E°y Topic#S
Solving for AG using the "minus numfe' equation

e clectrochemistry (E%en); E°en = Erea + Eox

® AG = -nFE°
+ where # is the number of electrons transferred
+ where F is Faraday's constant: 1 mole e = 96,485 Coloumbs
+ where E° is the standard cell potential

Note: 1 volt = 1I/C

10. Using these coupled reactions:
Zn(s) — Zn**(aq) + 2¢ Erea=-0.763V Eox®-(-0-7¢3)s 0.763
Cu(s) — Cu**(ag) + 2¢e Erea=0.340V
a. Identify the anode and cathode.

b. Find the £°. (Ans: 1.103V)
c. Calculate AG®°.
d. Calculate K. Selve® UNK
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