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« 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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Thermodynamics

Tracks heat flow between a system

and its surroundings

I WILL have
order in my court!!
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Important Terms & Equations ACS
W Chemistry for Life®

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 (q) - 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+
q = AH,
W = -PAV



Heat and Enthalpy )24 cAhegstSryforme®

Usually we will equate heat with enthalpy.

e Heat (g) 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)

g= AH xamount

o Enthalpy (H) describes the change in the internal energy of the system
based on a certain amount, H is intensive (Joules/mole)
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Enthalpy - 4 ways to find it Y chemistyfortite

1. Calorimetry

2. Enthalpy of formation
3. Hess's Law

4. Bond enthalples




Specific Heat

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

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, C, ACS

Table of specific heat capacities at 25 °C Chemistry for Life®
Substance Phase Specific heat
-cp-1/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
Iron solid 0.412
Lead solid 0.129
Thermometer Metal or Object Nitrogen gas 1.04
Oxygen gas 0.918
Polyethylen solid 2.3027
Sodium solid 1.23
x Steel solid  0.466
Water Uranium solid 0.116
e Water (25°C) liquid 41813
Water (100°C - steam)  gas 2.08
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Energy Unit - JOUIE W Chemistry for Life®

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.

=1 Joule

. 2 p)
KE = lmvz = l(2.5‘{g)(1—m] = : kgqm
2 2 ls S

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)

American Chemical Society



#1 Calorimetry ACS
W Chemistry for Life®

Since we cannot measure the exact
thermometer

enthalpy of the reactants or products,

. stirrer
we measure g through calorimetry,

the measurement of heat flow. \
A
- '
Heat lost = Heat gained
_ = reactants
Qiost = anined l solvent
—mc AT =mcAT "“’“”;j:g coffos ups

AT = Tﬁnfd - T

initial
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#1 Calorimetry

EX: 2.0 g of NaCl is dissolved

in 100.0 g of water and the
temperature goes from 22.4 °C to
21.8 °C, determine the AHsoln for
NaCl.
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ACS
#1 Calorimetry W Chemistry for Life®

EX: 2.0 g of NaCl is dissolved in 100.0 g |thermometer

stirrer

from 22.4 °Cto 21.8 °C, determine

of water and the temperature goes
the AHsoln for NaCl. \

reactants
l solven

AHsoln - Qsln/rnC)Isqute - mCAT/mOl
= 102*4.18%(-0.6)/0.0342 produets | e
© G

=-255.8/0.0342
=-7480 J/mol

American Chemical Society
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1. Calorimetry

2. Enthalpy of formation
3. Hess's Law

4. Bond enthalpies




Enthalpy of Formation ACS

W Chemistry for Life®
(o
AH,

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

C (graphite,s) + O, (g) = CO, (g)

American Chemical Society 14



#2 AHf° Enthalpy of formation ACS
a=g Appendives W Chemistry for Life®

Appendix G | Thermodynamic Owantities for Substances
and lons at 25°C
Substance AHF AFF 5 Substance AHF AGF 5
or ko (K ol (el {/mal-ky or bon (K moly (K oy (rrol-Ky Boron HUU; 187) —eeu —30.% dl.L
& o 0 20087 Ca0(s) €351 —€035 382 B3 0 0 5,834 g’*‘m“’b"’” - o 561
Alminum Ca(CH4(s) -BEEl R4 £33 BCL(D) —427.2 3974 06 H() o e )
A1) o o 2.2 CasPO).(5) —4120.8 - 38848 260 BE,(2) 11356  -11180 254 9 Catla(g) u8.7 052 008
Al (ag -3l —485 —3217 Ca30,03) 14341 -13218 106.7 B.0N® _1me 1928 $845 CaH, () 5247 68,5 19,2
ALCL (5 -5 —630.0 108.3 catbon = : : : CHe(g) 3468 328 285
PN —1&75.7 —1582.3 S0GS g TI6.7 ayl.3 1580 Bromine C:H (g —104.7 —336 0.2
Batiom €5, diamond) 1.7 2500 2377 gff_gj ~ 1121 i _132";':' lzi'i CHyole) 156 -172 0.l
Ealg) 1761 147.0 170.1 C(s, graphitz) o o 5740 (@) : : : CieHs (a) 326 1267 #9.2
Bagd o ) a4k CCle) —05BE  —5365 ne.7 Br (g —460 -2383% 1634
3 981 SIS 2SS CeHa D 48.0 124 4 1754
s (ag) st —s607 b6 COL@ —1354 —65.27 264 £:(g) j . . P
BaCt 005 1263 -11376 1121 CEE -RiRE —E3S 613 Br(f) a a 1522 CH,OH(g) —00.7 —1620 2367
BaCL(s) —86  —810.3 1237 CH™(2g) 131 16 e HB1(g) -4 533 b6 CH,OH( _n87 —1664 126.8
Ra(MO;) (27) —524  —TR34 3025 s cddum . H; CHl2) —n51  -1686 826
Ba(CH)() 63 —85R.3 107.1 =012 s —Bdd Calg) 177.3 144.1 154.3 €. H, CH() 17 —1748 1432
BarCH), g : : - Calg) 0 0 413 Aldehyes
FH,O05) —33422 —2793 427 Tl 1165 66,85 2378 catig) 738 7321 160.5 B B

i 307 g 1514 HCHO(g) 117 113 219.0
Ba30,() ClaTEr —laend l3z.2 ' ' ' Ca** fag) —M28 5535 -531 CH.CHO(g) -1661  —1334 6.4
Beryliom oLy —01  —Wsn 830 it 19256 - - : : :
Bals) o 0 o440 HCMizg) 1506 1724 54.1 ) : CHCHO —8l8  -1283 160.4
E20(s) g4 -5l 137 HCN(g) 135.1 1247 017 CaCOy(s, caleits)  -1M65  —1128.3 2P Carbomlic asils and iohs
i _wss  —si7e 0 HOME) 025 1245 Nz CaCl(s) ™38 -T481 1046 HCOOH(24) —-4256  -3L0 82
e HCO: ™ (25) —BI0 3868 512 CaR, () —lzss -11735 6357 HCOOHD 447 -3%l4 120

American Chemical Society 15



Activation
ENergy

Activation
ENergy
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American Chemical Society 16



Endothermic or exothermic?

/

ACS
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Hess’s Law ACS
W Chemistry for Life®

If two or more chemical equations are
added, the DH of the individual equations
may also be ADDED to find DH the of the

final equation.

AHreaction — Z(AHf products) - Z(AHf reactants)

American Chemical Society 19



Question #20 of the 2018 National Exam

ACS
20. What 1s the standard heat of formation (AH%) of gaseous 7 e
ethylene, C;Hy(g)?
Hy(g) + %2 0x(g) = H)O(2) AH® =-242 kJ mol™
2 C(s, graphite) + 3 Ha(g) + % 0s(g) = CHsOH(/) H H

X A
AHP =-278 kJ mol! C — C
/ \
CHy(g) + H,0(g) > GHsOH() - AR =88 kT mol™ H

H

(A) 16k mol” (B) 52 kI mol Ethylene
(C) 83 kI mol™ (D) 285 kI mol™

American Chemical Society 20



#4 Bond enthalpies ACS
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Average Bond Enthalpies  (kJfmol)
Single Bonds

O—H 413 M—H a1 O—H 453 F—F 155
C—C 348 M—I 163 O—0CF 144
=D 204 =i M —1 190 Cl—I 253
C—{ 358 M—F 202 O—C] 203 Cl—C1 242
C—F 485 MN=—] 200 Q=] 234
C—l 328 M—Br 243 Br—F 237
C—Fr 276 5—H a349 He—C1 2B
C—I 240 H—H 435 S—r 327 Br—Br 183
C==5 250 H=—F 587 =] 253

H—{l 43 5—Br 2i8 [—l 208
Sj—F 3z3 H—Br 355 - L 2465 [—Er 175
S5i—5i 226 H—I 2949 [—I1 154
Sye— 3
Si=—D 368
Multiple Bonds
== G14 =T a13 = 495
= B30 MN=M 21
=M G156 =11 523
C=M 281 5=5 418
Ce= 785
C={ 1072

https://www.loom.com/share
/89709bca9d554bef91313a
421d042cch5

American Chemical Society 21
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#4 Bond enthalpies ACS

H H . W Chemistry for Life®
?:x ?ﬁ + H#Cl = H"B-E—(E-G-H * = bond broken
% ¢ ¢ o = bond formed
H cl H cl
BOhdS BrOken (requires energy): BOhdS Formed (releases energy):
C=C +614 C-C -348
H-CI +431 4x C-H -413x4
3x C-H +413x3 2 x C-Cl -328x2

C-Cl +328
e Total = +2612 (broken)- 2,656 (formed)

American Chemical Society

-44 kJ/mol
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How does the universe like to operate?

In terms of heat, processes/reactions
tend to go in the direction of greater
energy to less energy.

— Example: when you leave your
coffee or tea sitting out on the table,
it spontaneously becomes ?

So, we can say that the universe favors
what type of reaction — exothermic or
endothermic?

ACS
W Chemistry for Life®

American Chemical Society
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Defining Systems

Surroundings

AE - Efina] — E

initial

System

e m— m—

ACS
v Chemistry for Life®

Energy out of system
to surroundings: — sign

Energy into system
from surroundings: + sign

American Chemical Society
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Systems ACS
Gas molecules, ice G Cremimyore

N

Surroundings
Cylinder, piston, your hands

American Chemical Society 25




Gibbs Free Energy Equation ACS
AG — AH - TAS WCemlstryorue

« Where...
n AG =

= AH=
= T= ASunnv@m = ASsys T ASSMW

= AS =

AS jniverse t@Nds towards a maximum

American Chemical Society 26



S is larger when

There are more gas particles
Temperature is higher
Volume is larger

Lattice structures break down

Molecules are larger

ACS

W Chemistry for Life®
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Remember that if AG is -, the rxn is spontaneous,

so since AG = AH - TAS

AH
negative

negative
positive

positive

AS
negative

positive
negative

positive

low

n/a
n/a

high

AG
negative

always negative
never negative

negative

American Chemical Society
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Free Energy & Spontaneity

ACS

W Chemistry for Life®

Concept Description Unit Favorable for

Spontaneous
Process

Enthalpy internal energy of a system and usually measured k3/mol AH<O

(H) as a change

Entropy (S) measure of dispersal/disorder of energy in a J/mol*K AS>0

system
Gibbs Free Free energy to do work k3/mol AG<O0
Energy (G)

American Chemical Society
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AG°=-RTInK
AG= AG°-RTInQ

AG° = + K<1
AG°= 0 K=1ish
AG° = - K>1

° Q is the reaction quotient

K is the equilibrium constant

AG = +
AG=0
AG = -

AG?® is where the equilibrium lies for a reaction,

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

W Chemistry for Life®

American Chemical Society
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EQUATIONS
. RT [ VA
E=E"——InQ InK = [ ~AH J+constf111t In| & Ll 1
nk \k ) R\TL T,
In Kvs. 1/T slope = -AH°/R
Ink vs. 1/T slope = -E_/R

E = E° - 0.0592/n * log Q

(@298 K)

American Chemical Society
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