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: : ACS
Disclaimer Y chemistyforife

 ACS is providing a remake of these tutorials and images as a courtesy to
and for the convenience of the reader. It makes no representations or
warranties, express or implied, relative to the accuracy, veracity,
ownership, or authority contained within the information provided therein.
In accessing these slides, the reader knowingly, willingly, and voluntarily
accepts the information’s remake “as is”.
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ACS
Important Terms & Equations ' chemistryor e

« The terms energy, enthalpy, and heat are often used interchangeably, but
they mean different things.

— Energy (E) - the ability to do work or produce heat, potential or kinetic
— Heat (qg) - the amount of energy that is transferred from one system to

its surroundings because of a temperature difference
— Enthalpy (H) - internal energy of a system and usually measured as

a change.

AE=q+W
q = AH, at constant pressure (no volume change)
W = -PAV
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Energy Unit - Joule Y chemistyforife

» A physicist would define a Joule as the kinetic energy possessed by a 2
kg mass moving at a speed of 1 meter per second.

KE = %mv2 = —(2kg)(

—=1Joule

Lm]2 1l kg m’
s

ls

* In chemistry, we will mostly consider thermal energy (q) and electrical
energy. So a Joule is the amount of heat required to change the
temperature of ~0.25 g of water by 1°C. (q = mCAT)
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Temperature Y chemistryforlife
" average
3 E kKinetic
= E energy
Q What

will happen?
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Specific Heat G Cremistyforlife’

« Energy required to raise the temperature
of 1 g of a substance by 1 K (or 1°C).

« Example: you can handle aluminum foil
seconds after removing it from a hot oven.
In contrast, a cast iron skillet will stay hot
for many minutes.
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Specific Heat Capacity G Cremistyforlife’

Table of specific heat capacities at 25 °C

» Highly unusual, but we're used to it substance  phase SPecificheat
-cp-J/gK
Air gas 1.0035
Aluminium solid 0.897
] ! Beryllium solid 1.82
Cadmium solid 0.231
Carbon Dioxide gas 0.839
Helium gas 5.1932
Hydrogen gas 14.3
1 Iron solid 0.412
Lead solid 0.129
L s Metal or Dbje::t Nitrogen gas 1.04
| Oxygen gas 0.918
Polyethylen solid 2.3027
Sodium solid 1.23
e Steel solid 0.466
Uranium solid 0.116
Water (25°C) liquid 4.1813
Water (100°C - steam)  gas 2.08
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Endothermic or exothermic? Y chemistyforife
Initial Energy Flow Final
‘ Eth Eph Ech ‘ Eth Eph Ech
- _ _ _ w¥) [~
H B =% = coffee ==
6 bars -2 bars 4 bars
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Mass
Transfer

— =

Heat | _ Heat
Transfer —— Transfer +——

. A4 -

Open Closed Isolated
System System System

American Chemical Society 12
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Defining Systems G Cremistyforlite

AE =Eg. —E

initial
Surroundings

|
'r Energy out of system
: to surroundings: — sign
|
|
[ |_".n-::i'};_\_~,.- into system
/ from surroundings: + sign

System > — 1 — T " -

e/
-~
-
-~
-~
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Systems and Surroundings G chemistyfor e

« Systems - gas molecules, ice

« Surroundings - cylinder, piston, your hands

N
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Enthalpy - Four Ways to Find It Y cremistyfor ife”

1. Calorimetry
2. Enthalpy of formations
3. Hess’s Law

4. Bond enthalpies

www.acs.org/olympiad
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#1 Calorimetry W Chemistry for Life®

: |thermometer
 Since we cannot measure the exact )

enthalpy of the reactants or products, we stirrer
measure q through calorimetry, the
measurement of heat flow.

Heat lost = Heat gained

reactants
_ . l solvent
qmﬂ anined products styrofoam
coffee cups
—mc AT =mcAT =
AT = Tﬁna." - Tf'nirfm’

www.acs.org/olympiad

American Chemical Society 16



ACS
#1 Calorimetry W Chemistry for Life®

« EX: 2.0 gof NaCl is dissolved in
100.0 g of water and the
temperature goes from 22.4 °C to
21.8 °C, determine the AH_,, for

NaCl.

www.acs.org/olympiad
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#1 Calorimetry

« EX: 2.0 gof NaClis dissolved in
100.0 g of water and the
temperature goes from 22.4 °C to
21.8 °C, determine the AH_,, for

NaCl.

AH, = Qg /Mol e = MCAT/mol

=102*4.18%(-0.6)/0.0342
= 255.8/0.0342
= 7480 J/mol

soln

ACS
W Chemistry for Life®

|thermometer

stirrer

reactants

l solvent
products styrofoam
coffee cups
E
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#2 AH,° Enthalpy of formation G cremistyfor ife*

A-R Appendixes
Appendix G | Thermodywamic Quantities for Suhstances
and lons at 25°C
Substance nHF Al 5= Substanca nH Al 5=
or bon (K ooy (Kol (ol or lon (K ol (K ol (ol Ky
&7ig) o o 0,57 Calis) —g351 -0 382 Boron HLs Lag) TN = ¥i.é
Alaminam Ca(OHla(s) —bgel  — 84 833 E() 0 0 5.834 g"*““’w”
Hlz) —T45 —s0E 1861

Al o o 2228 CayPO(5) —4lg  —3884.8 260 BCL() 4272 —3874 06 v 67 2 200
A% (ag) —s31 —485 —3217 Ca30,05) 14341  —1328 106.7 EE,(z) 11356 —11180 254.2 i g sw  aoa
ALCL () —M5E  —6300 1083 catbon Ba0s(5) —1ze  —lle2g 5385 CH® “sigs  —srm s
A1,0,05) —16757  —1582.3 5055 Clg neq 6713 1380 Bromine CaL(g) 1047 a6 0.2
- Cis, diamond 137 2,600 2,377 Er(@) 118 8240 1748 CHLo@) 1256 172 301
Balg) 179.1 1470 1701 Cls, graphits) 0 0 3740 Br(ag) -1215 -1040 824 o SH;EQ) 526 1267 %52
Bags o o 6248 Tl 5558 —5365 LT Br(g) —260  —23%8 1634 i 0o s -
Bt (o) 5376 —senT P CCLE —1354 —65. 264 Bra(g) 3061 3158 453 i : : :
BaCOu(3) —12163  —11376 1121 CF,@ e L 1.3 Bri) 0 0 152.2 CH.OH() —07  —1620 2357
BaClL(3) -8586  —8103 1237 CHiag) 151 166 18 HEr() -4 RIM 1986 CH,OH( —3eT - 1664 126.8
Ba(0: )k (77) 8524 —7834 anzs COlg) —-les  -13r2 157.5 Calcium C',H, OHrg) —zmsl —1686 226
Ea(0H)4(5) —M63  —250.3 107.1 CO:(2) —®3F 344 a37 Cald 177.8 144.1 154.8 C',H, OH(D —Z7T —1748 160.7
iy CO2(ag) —E771 —5218 —56.9 Cal3) o o 413 Aldees

FHLO05) —3Mz2 —293 427 Claim) 1165 66.85 37h Catig iR 73zl 160.5 HCHO () -17 —113 2180
Bad0,(3) 14732 —13623 1322 CE0 5.7 65.27 151.3 Ca™ (ag) —-M28  —5535 -53.1 CH,CHO(g) —1661  —1334 6.4
parylliam COCLIg) -2l -MSH 235 Ca™(g) 19259 - - CH,CHO() —1818  —128.3 160.4
Bals) o o o440 HCMag) 1506 1724 G4.1 CaCOy(s, caleits) —12065 —1128.8 Gl Corbonic acils ahd iohs
Ba0(s —d0sd —570 1 1377 HCMig) 1351 1247 ;LT CaCly(a) — M58 —748.1 104 6 HCOOH(24) —4254 =310 G2
Ee(0H)4(5) 5058 —817% 5021 HCHIE) 1085 1245 1128 CaF,(s) —1258 —11735 6857 HCOOH[D) —4247 —314 128
— HCO, () —B20  —536.8 612
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#2 AH,° Enthalpy of formation G cremistyfor ife*

AH;

« Enthalpy change when one mole of a compound is made from its
elements @ 1 atm , 25 °C.

C (graphite,s) + O, (g) — CO, (9)

www.acs.org/olympiad
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#2 AH,° Enthalpy of formation

Potential

Energy

Intermediates

ACS
W Chemistry for Life®

C(graphite)(s) + 2H.(g) + 20.(g

Step ]T Tﬁt:‘p 2

CHi(g + 20.(g)

Step 3

k. b

Step 4

CO,(g) + 2H,0(g)

Feactants Products

www.acs.org/olympiad
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#3 Hess’s Law

* Prerequisite Info

A—B
2A — 2B
3B — 3A
B—-A

AH = +20 kJ/mol
AH = + 40 kJ/mol
AH = -60 kJ/mol
AH = -20 kJ/mol

ACS
W Chemistry for Life®
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#3 HeSS,S LaW W Chemistry for Life®

« Determine the enthalpy for the following reaction:

3A (9) + 2B (s) = C (g) + 6D ()

Given the following:

2A —- 2D + E AH = -34 kJ/mol
2F+C - E AH = +122 kJ/mol
“WA+B —>D AH =-12 kdJ/mol

2D — 2F AH = -41 kJ/mol

www.acs.org/olympiad
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ACS

#3 HeSS,S LaW W Chemistry for Life®
3A(g) + 2B (s) » C(g) + 6D (9)
112A -2D + E AH = -34 kJ/mol Keep as is 2A - 2D + E AH = -34 kJ/mol
2(2F+C—>E AH = +122 kJ/mol Reverse E—-2F+C AH = -122 kJ/mol
3(%2A+B—-D AH = -12 kJ/mol Multiply by 2 A+2B—2D AH = -24 kJ/mol
4 (2D — 2F AH = -41 kJ/mol Reverse 2F — 2D AH = +41 kJ/mol
e
Overall 2A+E+A+2B+2F - 2D+E+2F+C+2D+ 2D AH = 139 kJ/mol

www.acs.org/olympiad
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#4 Bond Enthalpies W Chemistry for Life®

Average Bond Enthalpies (kJ/maol)

Single Bonds
C—H 413 MN—H 331 0D—H 463 F—F 158
C—C 348 M—M 163 0O—0 148
C—M 283 M—i 2 O—F 190 Cl—F 283
C—{0 358 MN—F 272 0= 203 Cl—1 242
C—F 485 M= 200 O—1 234
C—Cl aze MN—Br 243 Be—F 237
C—Br 276 5—H 339 Be—0Cl 218
C—I 240 H=—H 435 S—F 327 Br—Fr 183
C—5 250 H—F 557 S—il 253

H—C 43 S—Br 218 —Cl 208
Si—H 323 H—Br 355 8=—5 265 [—EBr  17E
Si—5 226 H—I 2949 [—I 181
Si—0C  3m
Si=—0) 368
Multiple Bonds
C={ B4 N=N 418 O 495
C={ 838 N=N %1
=N B15 =i 523
C=N 2 5=5 418
C={3 700
C=0 1072

www.acs.org/olympiad
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#4 Bond Enthalpies G cremistryfor i

10 e

(I:=(I: + H=Cl => H—?—(IZ—H
H Cl H Cl
HoH H cl
f:z E - b ¢ X = bond broken
£ % e - S E - E'E'H o = bond formed
H d H Cl

. H

(I:I ‘!: 1 ¢ X = bond broken

I " BeW H‘f* E_H o = bond formed

H d H i

www.acs.org/olympiad

American Chemical Society 26




ACS

#4 Bond Enthalpies W Chemistry for Life®
H H H cl
f:t E e ¢ ¢ x = bond broken
G ¢ s = B E - E'B'H o = bond formed
H d H Cl
Bonds Broken: Bonds Formed:
C=C +614 C-C -348
H-CI +431 4x C-H -413 x4
3x C-H +413x3 2 xC-Cl-328 x 2

C-Cl +328

Total = -44 kJ/mol

www.acs.org/olympiad

American Chemical Society 27




ACS
Enthalpy - Four Ways to Find It Y cremistyfor ife”

» Calorimetry - temperature changes, amounts; be wary of signs

+ Enthalpy of formations - just a reaction and nothing else (table exists
somewhere)

* Hess’s Law - multiple reactions, 1 with unknown enthalpy

« Bond enthalpies - Lewis structures for a reaction (table exists
somewhere), don’t use a formula for this one!

www.acs.org/olympiad
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??7?

3NO,(g) + H,O(l) — 2HNO4(aq) + NO(g)

2NO(g) + Oy(g) — 2NO,(9)
2Ny(g) + 30,(g) + 2H,0(l) — 4HNO;(aq)
N,(g) + O,(g) — 2NO(g)

ACS
W Chemistry for Life®

AH =777

AH =-116 kJ
AH = -256 kJ
AH = +183 kJ

www.acs.org/olympiad
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What is Enthalpy Though? G cremistyfor ife*

Mg(s) + 2HCl(aq) — MgCl,(aq) + H,(g) AH =-467.0 kJ.mol’

Under standard pressure: W=-22kJ =-467 kJ

www.acs.org/olympiad
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ACS
AE - q + W W Chemistry for Life®

Power Stroke

« -AE Energy Lost by the system

* -q Heatis lost by the system
i.e. during combustion. Exothermic.

e -W=-PAV As the gases expand, work is done
by the system. AV (+)

Energy is transferred from the system (gases) to the
piston (surroundings)

www.acs.org/olympiad
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H — E + PV W Chemistry for Life®

« AH=AE + PAV

° AH:q

www.acs.org/olympiad
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Why does the ball roll in a ACS
Stl'aig ht Iine? W Chemistry for Life®

—>
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Why do gas particles ACS
fi" their container? W Chemistry for Life®
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Why do gas particles ACS
fi" their container? W Chemistry for Life®
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Entropy, Rudolph Clausius ' chemistryor e

- dS=dqT

e S=kinw

www.acs.org/olympiad
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El'ltl'O py W Chemistry for Life®

« dS =dS, +dS

universe sys surr

e dS tends towards a maximum

universe

www.acs.org/olympiad
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S is larger when G Cremistyforlife’

 There are more gas particles
 Temperature is higher
 Volume is larger

« Lattice structures break down

 Molecules are larger

www.acs.org/olympiad
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Wlllard JOSiah Glbbs W Chemistry for Life®

« AG=AH-TAS

« dG=-TdS TdS

surr sys

www.acs.org/olympiad
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Willard Josiah Gibbs

AH = - AS = -
* C,H;0H (I) + 30, (g9) — 2C0O, (g) + 3H,0 (9)

AH = - AS =+

ACS
W Chemistry for Life®
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Free Energy & Spontaneity

ACS
W Chemistry for Life®

Concept Description Favorable for
Spontaneous
Process
Enthalpy (H) internal energy of a system and kJ/mol AH <0
usually measured as a change
Entropy (S) measure of dispersal/disorder J/mol*K AS >0
of energy in a system
Gibbs Free Energy (G) | Free energy to do work kd/mol AG <0

www.acs.org/olympiad

American Chemical Society

4




ACS
Free Energy & Spontaneity G chemistryforife

« Remember that if AG is -, the rxn is spontaneous and AG = AH - TAS

If AH=-and AS = - AGis-@ low T
If AH=-and AS =+ AG is - always
If AH=+ and AS = - AG is - never

If AH =+ and AS = + AGis - @ high T

www.acs.org/olympiad
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Thermodynamically Favored - ACS
“Spontaneous” G Cremistyforlife’

T and P can affect favorability
» Not favored in the opposite direction
» Favorable does not mean fast

+ AH: () (BSqr (+)

surr?

© AS,; () Not favored!
« AG; (+)

www.acs.org/olympiad
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Thermodynamically Favored -
“Spontaneous”

ACS

W Chemistry for Life®

- + large
~1
+ - tiny
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Thermodynamically Favored - ACS
“Spontaneous” G Cremistyforlife’

K

RT
AG = -RTInK =FF'"'<

E® cell = E® cathode - E® anode

AG AG—-n W E° cell

www.acs.org/olympiad
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Thermodynamically Favored - ACS
“Spontaneous” G Cremistyforlife’
AG°=-RTInK
AG°= AG-RTInQ
AG° = + K<1 AG =+ Q>K
AG°= 0 K=1ish AG=0 Q=K
AG® = - K>1 AG = - Q<K

 AG° is where the equilibrium lies for a rxn

 AG is where you are relative to equilibrium for a specific set of chemicals

www.acs.org/olympiad
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Thermodynamically Favored - ACS
“Spontaneous” G Cremistyforlife’

- E=E°-0.0592/n*log Q (@298 K)

* InKvs. 1/T slope = -AH°/R
* Inkvs. 1/T slope = -E_/R
EQUATIONS
RT L 0/ - &3 r N
E=E"——In0O an—[ﬂ ][i)+constant ln[ﬁl—&[i—L]
nF R I &) R\T T,

www.acs.org/olympiad
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Heat and Enthalpy W Chemistry for Life®

« Usually we will equate heat with enthalpy.

— Heat (q) is measured by how much energy is lost/gained by the
system (when it flows to or away from the system), q is extensive

(Joules)

— Enthalpy (H) describes the change in the internal energy of the
system based on a certain amount, H is intensive (Joules/mole)

q = AH x amount

www.acs.org/olympiad
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Heat and Enthalpy W Chemistry for Life®

Activation A Activation
4  energy energy r
) )
= >
Q i 1]
[ = [
T SR T -
= Reactants E Products
= /' E . energy
a absorbed
= | energy . F----- =
2 | released Products 2 | Reactants
o o
- > - >
Reaction Progress Reaction Progress
Emthe:rmic Endothermic
reaction reaction

C(s) + Oy(g) — CO,(g) CO,(g) — C(s) + Oy(9)

www.acs.org/olympiad
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Heat and Enthalpy W Chemistry for Life®

All energy changes are state functions which means they are pathway

[
independent.
Formation Of NaCl(s)
Domain of thermodynamics
(the initial and final states) Path 1 Path 2
Domain of kinetics |

(the reaction pathway) Na*(g) + Cl_(g) Na(s) . }/,C]z(g)
} AH = +107 k/mol

Na(g) + %Clx(2)
AH = +122 k/mol

AH = 411 kl/mol
Na(g) + Cl(g)
[aﬂ = +496 kJ/mol
| Na'(g) +Cl'(g) +e”

ga \AH = -349 kJ/mol

& Na'(g) + CI'(g)
Reactants AH =-787 kl/mol

NaCl(s) NaCl(s)
Products \
Both paths still have a AH of -411 kJ/mol
Reaction progress ———
www.acs.org/olympiad
50
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Heat and Enthalpy W Chemistry for Life®

140
130
120
110
100

Temperature (°C)
g

Heating Curve for Water at 1.00 atm Pressure

Water being heated

as agas \

Vaporizing

‘Water being heated as a liquid

A

Melting

\

Water being heated as a solid

Heat Added

www.acs.org/olympiad
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Free Energy & Equilibrium Y chemistyfortite

« AG°=-RTInK
Calculate AG° in kJ/mol for a reaction at 300K in which K, = 2.2 x 10~

Free Equilibrium Spontaneous Favored direction

Energy Constant Direction

AG°<0 K>1 Forward Favors forward reaction (products)

AG’> 0 K<1 Reverse Favors reverse reaction (reactants)

AG’ =0 K=1 Neither The system is at equilibrium. No “net” movement of
the reaction.

www.acs.org/olympiad
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Thermodynamics Song X chemistryor e

* https://www.youtube.com/watch?v=quxNFQBDFik&list=PLtjPBoq7-
qgelLJeEB2yGk3tZ2wRYtUkSL a&index=6&t=2s

Scot Milam
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https://www.youtube.com/watch?v=guxNFQBDFjk&list=PLtjPBoq7-qeLJeEB2yGk3tZ2wRYtUkSLa&index=6&t=2s
http://www.youtube.com/watch?v=guxNFQBDFjk

ACS
Sample Questions G Cremistyforlife’

« Local Exam 2018, #21
 Local Exam 2018, #22
 National Exam 2018, #20

 National Exam 2018, #23
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