Big Idea 5: The laws of
thermodynamics describe the
essential role of energy and
explain and predict the direction
of changes in matter.



Enduring Understanding

5.A: Two systems with different temperatures that are in thermal contact
will exchange energy. The quantity of thermal energy transferred from one
system to another is called heat.

5.B: Energy is neither created nor destroyed, but only transformed from
one form to another.

5.C: Breaking bonds requires energy, and making bonds releases energy.
5.D: Electrostatic forces exist between molecules as well as between
atoms or ions, and breaking the resultant intermolecular interactions
requires energy.

5.E: Chemical or physical processes are driven by a decrease in enthalpy or
an increase in entropy, or both



Conservation of energy

* Energy entering of leaving a system can be classified in two ways

e Heat: Usually thermal heat(g=m * T * ¢)
 Work: Movement caused by expanding gases

e Total energy=q+ W
* In both cases they are conserved inside and outside of a system
System surroundings

g = -q
tw = -w
g = 4

-W = +W



Second Law of thermodynamics

* For any spontaneous process Total entropy (system + surroundings)
will increase!

* Entropy = dissorder (movement)

* +AS = increasing in disorder increasing movement
* X(s) = X(I)

Remember: A system is perfectly capable of losing disorder, just means
surrounds must lose disorder. We are almost always only looking at
the system itself.



How much energy does a reaction give off?
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Free energy

How much energy does a substance give off?

Transition state

Activation
—— cnergy

Substrate
(ground state)

Change in energy -
between substrate - = - - - = = = =
and product Product

Final — Initia

Energy leaving the system

——)

Energy entering the system

+AH: System is gaining energy; surroundings get colder
-AH: System is losing energy; surroundings get hotter
This is the basis for the mathematical relationships below.

AH =A Hproducts - A Hreactants

rxn
ASrxn = Sproducts - Sreactants

AG =A Gproducts - A Greactants

3 rxn

Course of the reaction ——>
(Reaction coordinate)



How do | quantify the amount of energy given
off?

* Depends,
e g=mass * AT * c (specific heat)
* This will tell us how much energy is absorbed from another substance.

* From a chemical reaction?
* C;Hg +50,=3CO, + 4H,0 AH =XkJ/rxn
* If 50 grams of propane can you determine how much energy is given off?



Temperature °C ———=
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* Endothermic
e S=L=G
* Energy added
e Exothermic
e G=L=S
* Changing temperature
* q=mATc
* Changing phase

* Energy/kg
* AH fusion AH

vaporization



Heat capacity vs. specific heat

e Specific heat: amount of energy needed to change 1 gram of a
substance 1 C. (4.18J) = 1 calorie for water)

* Heat capacity:
 Amount of energy it takes to raise 1 gram of a substance 1C. The mass in
these situations is locked.

* Example: a calorimeter cup has a Heat capacity constant. (energy/C) The
mass of the cup will not change.



Enthalpy: What is it and how do | calculate?

* Enthalpy = KJ/reaction cycle
e 1JA+2B=2C+1D AH=KJ/rxn

AH_ . =AH

rxn products

- A I"Ireactants

e Using thermodynamic tables

e Based upon relative scale of formation from elements
* Elements equal zero



Enthalpy: Bond Energies

e AH = Bonds Broken — Bonds formed

'xn

hydrogen + chlorine — hydrogen chloride
Hag) + Clzg — 2HClg
H-H + CI-CIl -» H-ClI + H-CI

ﬁ
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Hess’s law

* When manipulating reactions so
to add up.
* Flip reaction flip sign
* Multiply coefficients multiply

S’O(S) + CO:,(g) = 4 &Coj AH - “23‘&, enthalpy
+  Clgraphite)+0,(g) - CO,(g) AH =-394kJ

S1(5) 42 04(8) > S10(5) A =-S90%)

Sr(s) + Clgraphite) + %Oz(g) > 8C0,  AH =-~1220k



Entropy: Quantity of disorder

 Calculating Entropy: AS., =S -S

rxn products reactants

* Must be able to estimate the AS,,, simply by increase/decrease of
movement.

* Note:
» Zero entropy is a perfect crystal at zero kelvin.
e Gases > liquids > solids
* Producing gases usually is an increase in entropy.
* A(s) =B (g)



Spontaneous or not spontaneous?

e Spontaneous: Reaction will proceed toward designated products (to
the right)

* Non-spontaneous: Reaction will proceed to the reactants (to the left)

In both cases no energy will be needed to be invested for a reaction to
flow.



Gibbs Free Energy
AG = AH -TAS

e Exergonic: A reaction will be flowing toward products.

* -AG: Net loss of energy and will be spontaneous.

* +AG: Net gain of energy and will need to be fed energy constantly
* Factors affecting

* AS: +AS will be a spontaneous factor

* AH: -AH will be a spontaneous factor

e T: Affects Entropy



AG ° = AH® -TAS °

e Useful mathematical formula
* Calculate AG °
Calculate AG at an alternate temperature.
Calculate AH °
Calculate AS °
Remember: ° means calculated at STP (25C and 1atm)



Temperature a reaction becomes
spontaneous?

AG >0 Then reaction is non-spontaneous
AG < 0 Then reaction is spontaneous

AG = 0 reaction is just becoming or stopping the process of being
spontaneous.

AG = AH® -TAS °
Set AG =0 and solve for temperature.



AG° vs. Kvs. E°

* How does AG® relate?
* - AG®° means the reaction will proceed to products with out energy investment
* This correlatestoa K>1 and E° >1

(7

[R] [P]



AG°vs. AGorE°vs. E

At STP: AG® & E° have a calculated value and that won’t change.

Changing conditions: AG° = AGand E° = E

* This could be a result of concentrations changing as reaction proceeds to the
endpoint.

At equilibrium: AG & E = zero /7<

[R] [P]
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9. A 100 g sample of a metal was heated to 100°C

and then quickly transferred to an insulated
container holding 100 g of water at 22°C. The

temperature of the water rose to reach a final
temperature of 35°C. Which of the following

can be concluded?

{(A) The metal temperature changed more than the
water temperature did; therefore the metal
iost more thermal energy than the water
gained.

(B} The metal temperature changed more than the
water temperature did, but the metal lost the
same amount of thermal energy as the waler
gained.

(C) The metal temperature changed more than the
water temperature did; therefore the heat
capacity of the metal must be greater than
the heat capacity of the water.

(D) The final temperature is less than the average
starting temperature of the metal and the
water; therefore the total energy of the
metal and water decreased.



9. A 100 g sample of a metal was heated to 100°C
and then quickly transferred to an insulated
container holding 100 g of water at 22°C. The g=M* AT *
temperature of the water rose to reach a final

temperature of 35°C. Which of the following This problem is reflecting equal q transferred

? . . -
can be concluded® Between two objects but a different specific

(A) The metal temperature changed more than the Heat “c” will cause a difference in temperature.
water temperature did; therefore the metal
iost maore thermal energy than the water

I’he metal temperature changed more than
water temperature did, but the metai lost the
same amount of thermal energy as the
gained.
(C) The metal temperature changed more than the
water temperature did; therefore the heat
capacity of the metal must be greater than
the heat capacity of the water.
(D) The final temperature is less than the average
starting temperature of the metal and the
water; therefore the total energy of the
metal and water decreased.




Container A B C
Gas Methane | Ethane | Butane
Formula CH, C,Hg CH,,
Molar mass
(g/mol) 16 30. 58
Temperature » ” 57
(°C)
Pressure (atm) 2.0 4.() 2.0

18. The average kinetic energy of the gas molecules 1s

(A) greatest in container A
(B) greatest in container B
(C) greatest in container C

(D) the same in all three containers_
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17, The dissolution of s onic solue e & poca savent cen be Imapined & occurring it slegs, & shown 2 he
Figure abiove. I sep [, e sepiation Defween 10ns i the soae  preatly ncreased, st a8 will aocur when fhe
sz cissolves in e pofar sabvent I sep 2, the pofar sulveat s expanded to mak2 e dhat the fons il
poctpy. L dhe sl stup, U foes ar et i the sz 0 the polar salvent. Which of the following best
Hescrtes toe cothabyy change, A, foreaca sl

(A} All Greg seps are exoihermc,
(B Al et sps are endthezm.
{C) Steps 1 2o 2 e eihermic, and e inel g i endothemmc,
(D) Steps | i 2 e endcthermic, and e fngl sigp 5 epolberme,




17, The dissolution ofan tonicsoluz e  polar savent céa b imapined & oocurring in ree i, &5 hown a he
igure above. In e |, e sepereion Between 0ms i e sote s geealy ncresed, ost as il ocour when he
s disoles i che pofa savent, In step & e polar sofvest s cxpandod o ke spaces e oo will
occtg e he o s, o e insertod i the s nthe ok solrent. Which o the ollowing b
Jesoeesthe cathaoy change, A, foreach siep!

(A AN e, stz ar exhermic,
(B} All e tepsare “rdwmr;*"nn
IC) Steps | final e
D Stzps | uﬁr‘:mhtnenm and e ) ﬂt]] s ol

1%t and 279 step require an investment of energy. (endo)

3rd step will be bringing together particles that are attracting
together forming a solution. This attraction is exothermic.
No energy is required to be invested.

D = answer
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34, How much heat 15 veleased or absorbed wher

The elements K and C1 reaet irectly to form the compound KCl zecording tothe equation dbove. Refer to the

nformation aove and e el below o answer e guetions tat follow, m}j[] mol I:]f Ci-][gm} lE f[]f[ﬂﬂj f[[}ﬂ] KC]{E)"]
P o NLInee

i, A) 874K s released

kg | B 437k 1 released

oty | ¢ (C) 437K s ansoroed

Cg =10 ¢« : : e

(D) §74K] s ahsorbed
WtesTy |
Kg) 4 Clig) » KClis) 2




K +1/2Cl. => KCl  AH -437K]

34, How much beat s released o
0050 melof Clfg) s formed:

A) 814k s elased
BY 437K i el
() 43,7 K 15 avsorned
(D) 874 KT i shsorbed

nsorbed when

o KCUg)!

* Lets to the math proportions
* %2 or .5 mol of Cl, =437 KJ released.

* Since we have 1/10 of that we will get
1/10 of the energy.

e 43.7KJ release due to the “-” But Read
carefully they are reversing the
reaction!

e +43.7K) C =is correct answer




) %mﬂ] I A = -B

The elements K and C1 reaet irectly to form the compound KCl zecording tathe equation dbove. Refer to the ' ,
Information above and the table below t answer the guestions that follow, % Wh}ﬂh {]f lhﬁ ?&EUE'S ﬂf AHO fﬂ]' d pm[:fﬁﬂ I [hE
lable 15 {are) less then zero (1.c., Indicate(s) an

i ‘

) i, exathermic process)
Kis) -+ Kig t‘ [ ) 7ol
Kp-Kigee | o C
020 | s % F an[!i;dunlg |
Ulgh ¢ 6 = g J ED,)L}’:, Equ}i
K+l 5 KCly) | AN




G+ 204 - Kl A = - | |
2 | 39, Which of the veluesof AR foraprocess e

The elements K and C1 react irecdly to form the compound KC1 according to the equation dhove, Refertothe. ~ {able (are) Jess than zero (L[:,ﬁ indica[g{s) an
Information above and the ble below o answer the questions that follow,

exathermic process) !
P A
XS (el )
Acquiring Kinetic energy, Energy needs to be added Kis) = Kig) y [C] h }hﬂﬂd { Uﬂ]]f
(D) w,x,y,a0d 7
Pulling an e- away from a +, Energy needs to be added Kg) - }{*(g] s i |
Breaking a bond, Energy needs to be added || (=10 | i
e- attract to + nucleus automatically, Exothermic || Clig) + ¢ - (T{g) J
+ &- attract automatically, Exothermic K'g)+CTg) - RCl() E

OR
Bond formation = energy released




)+ %mg(,g] K0l AP =T,

37, It 15 observed that the reaction producing KCl
from its elements goes essentially to completion,
Which of the following is a frue statement about

The elements K and C1 reaet irectly to form the compound KCl zecording tothe equation dbove. Refer to the
Information above and the table below 1o answer the questions that follow,

7 the thermodynamic favorability of the reaction?
s (ol ) (A) The reaction is favorable and driven by an
) + Kol 1-.= enthalpy change only.
(B) The reaction is unfavorable and driven by an
Kg-Kig+e | ¥ entropy change only.
G+ 20 | (C) The reaction is favorable and driven by both
enthalpy and entropy changes.
(g + 6 = (g J (D) The reaction is unfavorable due to both
G Ko | enthalpy and entropy changes.




)+ 10 Ky A = -7k,
: .,

37, 1t 1s observed that the reaction producing KCl
from 1ts elements goes essentially to completion.
Which of the following is a frue statement about
the thermodynamic favorability of the rcaction?

) The reaction 1s favorable and driven by an
enthalpy change only.

(B) The reaction 18 unfavorable and driven by an
entropy change only.

(C) The reaction is favorable and driven by both
enthalpy and entropy changes.

(D) The reaction 1s unfavorable due to both
enthalpy and entropy changes.

* AG=AH-TAS

* AG “-” due to the fact the
reaction is running (favorable)

* AH “-” reaction is exothermic as
listed and this is a spontaneous
driving factor.

* AS “-” reaction is losing
movement and therefore losing
disorder. Not a driving factor in
this reaction.



K + %ml,@ SKCl) AP = -7kl Clg) +2€ - 20

The elements K and Cl react directly to form the compound KCI according to the equation zhove, Refer to the 38. Which ofthe following expressions i equivalent

information above and the table below to answer the questions that follow, to AH" for the reaction represented above?
A) x4+
" " (A)x+y
(klimol ) (B) x -y
b -+ K E O x+ly
Kig) » Kfg) + € ¥ X
, D) 5=y
Clig) + ¢ - Cg) y
K+l - Kaly |




Kis) + %Clgm S Ky AT =41 kﬂmﬂlrm
) :

The elements K and C1 react directly fo form the compomnd KT aceording o the equatton above, Refer to he
Information above and the table elow to answet he questions (hat follow,

gp
s | )
kg |
Kig) - Kg) + ¢ ¥
G20 |
Uig) + ¢ - O y

K+ CIg) - KCl

* This is a Hess’s Law problem.

* Note:
e This is a half reaction.
* Answers only include x & z

Cl,(g) + 2e" = 2Cl (g)
(Flip and *2) Cl(g) + 1e- = Cl(g)

Cl,(g) = 2Cl(g)
?-2Y =X
?=x+2Y

Answer = C



K + %Clz[g] SKCl) AP = -7kl Clg) +2€ - 20

The elements K and Cl react directly to form the compound KCI according to the equation zhove, Refer to the 38. Which ofthe following expressions i equivalent

information above and the table below to answer the questions that follow, to AH" for the reaction represented above?
A) x4+
. " (A)x+y
(klmal ) B) x -y
k- K "" Q) 1 + )y {—
Kig) = K'lg) + ¢ W X
, D) ~-y
Clig) = 1Cly)  +  x 2
Clig) + ¢ - Cg) y
K*{g)+ (g} » KClis) l




