FITCH Rules

G1: Suzuki is Success
G2. Slow me down
G3. Scientific Knowledge is Referential
Alanah Fich G4. Watch out for Red Herrings
Flanner Hall 402 G5. Chemists are Lazy
C1. It's all about charge
C2. Everybody wants to “be like Mike”
C3. Size Matters £ k[ 9,4, ) or - k(qlqz)

N+, d

v ' Module #11 C4. Still Waters Run Deef. ’
!rowﬁRN;rc¥gg Thermochemistry C5. Alpha Dogs eat first. ... |

“A” students work
(without solutions manual)
~ 10 problems/night.

General

Office Hours W — F 2-3 pm
. I

Chemistry

EVERY DAY!
Energy: capacity to do work
w=(F)d
Or transfer heat, q
q
n % Energy

Consumed
Depends on
Both work

\ And heat

w

AE = B = Ejigar = 4+ W




Properties and Measurements

Property Unit Reference State
Size m size of earth
Volume cm? m
Weight gram mass of 1 cm? water at specified Temp
(and Pressure)
Temperature °C,K boiling, freezing of water (specified
Pressure)
1.66053873x1024g amu (mass of 1C-12 atom)/12
quantity mole atomic mass of an element in grams
Pressure atm, mm Hg earth’s atmosphere at sea level
Energy, General
Animal hp horse on tread mill
¢ BTU 1 Ib water
calorie 1 g water ID
Kinetic J m, kg, s
Electrostatic 1 electrical charge against 1 V

electronic states in atom  Energy of electron in vacuum
Electronegativity F

Heat flow measurements Reference state? D

To set a “heat flow” scale

1. Defined conditions: how experiment is performed
open flask, closed flask, pressure

2. Define the direction of heat flow by giving
a positive or negative number

Does the “system (earth)” gain energy?

+ heat For image above
- heat? system (earth) gains heat
from surroundings (sun)

To set a “heat flow” scale

1. Defined conditions: how experiment is performed
open flask, closed flask, pressure

2. Define the direction of heat flow by giving
a positive or negative number

We would get a different answer if we asked

“Does the “system (sun)” gain energy?”’
For this question: the

+ heat system (sun) loses heat
- heat? to the surroundings (earth)

First Law of Thermodynamics: Energy is conserved

No universal change in energy
Just a transfer of energy




surroundings A
% A
._,f'
*, -
system
- -
50.0 g HO 50.0 g HO
S0.0°C — 80.0°C 80.0°C = 50.0°C

q=?
q>0 system

q<0 system

E = constant when System AND surroundings considered!

To set a “heat flow” scale

1. Defined conditions: how experiment is performed open
flask, closed flask, pressure

2. Define the direction of heat flow (q) by giving a positive
or negative number

q is + when heat flows into the system from the
surroundings

q is - when heat flows out of the system into the
surroundings
3. Chemical process in the “system” is defined by heat
flow

endothermic >0
exothermic <0

Properties and Measurements

Property Unit Reference State
Size m size of earth
Volume cm? m
Weight gram mass of 1 cm? water at specified Temp
(and Pressure)
Temperature °C,K boiling, freezing of water (specified
Pressure)
1.66053873x1024g amu (mass of 1C-12 atom)/12
quantity mole atomic mass of an element in grams
Pressure atm, mm Hg earth’s atmosphere at sea level
Energy: Thermal BTU 1 Ib water 1 °F
calorie 1 gwater1°C

Kinetic J 2kg mass moving at 1m/s

Energy, of electrons energy of electron in a vacuum
Electronegativity F
Heat Flow into system = +

Chemical reactions involve |Zn(s)+ 2H * (aq) » Zn** (aq) + H2 (9)
1. heat exchange

As areview:
Heat exchange (Constant
Atconstant — Atm.pressure  who is oxidized?
Pressure l — who is reduced?
what is the oxidation number on H,?
el Who is an oxidizing agent?
_ Greek: thalpein — to heat
enthalpy en -in
_ H for (?) heat
Zn 4
4
SELT
1 Atm pressure = constant pressure

',Hm solution
Subscript . .
Reminds us that I This means heat flow, g, is enthalpy change

Pressure is constant




Chemical reactions involve  Zn(s)+ 2H" (aq) » Zn**(aq) H,(Q)
1. heat exchange

2. work
Pressure-
Volume constant Atm. pressure
work l l _

' sV =—Pav]

n Yesssnsnunnnnnnnnnnnnnnsn

Ha gas
plus original
atmosphere

HCl solution - HCl solution

AE::q+W

AE, = qP+(— PAV) This is a form of Rule G3
Science is referential
AE, = AH+ (- PAV) Generally final - initial
AE, = AH - PA
Change in volume is typically small for
Most reactions
AE, » AH

This means we can measure the energy change of
A chemical reaction by measuring the heat exchange
At constant pressure

{a)

five Navy Avengers

| disappeared in the Bermuda
| Triangle on Dec. 5, 194
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First example problem will involve methane

We will prove to ourselves that the Pressure-Volume work is a
Small contribution to the total energy change

3 to 8 standard cubic feet of
biogas per pound of manure.
The biogas usually contains 60
to 70% methane.

Methane
Gas
Recovery
At landfills




Consider the contribution of volume of gas phase molecules

Consider the contribution of volume change for water in this reaction

CH, + 20, = CO,, +2H,0,,

4(9) 2(9)

SmoleH.0. 1% 1891, | lem’water | [ 1L 0036
[moe 2 (')] mol lgwater 10°cm® |

%&$*! Conversions — if

0.1 0 1 3 kJ terested see next slide
———— = 0.0036kJ
L - atm

PV = [1atm][0.0361]

Energy in kJ
Most reactions total (q): kJ  Bytheendof
This module
PV 1mole gas ~ 2.5 kJ We will see this
PV 2mole liquid water ~ 0.0036 kJ o Isttue”

s
Sig fig tells us that PV energy small compared to q

CH,) 1 20,4, = CO,y, + 2H,0,,
PV = nRT
At constant T:
P(AV) = (An)RT
P(AV) = (ngas final — ngas initiaI)RT
P(AV)=(1 3mo|es)(00821ﬂ) 298K
- ’ mol - K
P(AV) = -489316L -atm et v st e
0.1013kJ
P(AV) = (- 489316L - atm)] ————|/= -4.9kJ
L-atm 2mole change
Optional Slide: conversion
kg
101325x10° Pa (Wj 10°cm®)( Im )| J kJ
atm)[ atm J Pa (L)( L )(lozcm) (kg.mz) (103Jj = 0101325K]
SZ
kg
(0101325 _ [1.01325x105Pa] (W) (103cm3j( Im ]3 J [ kI )
(atm)(L) ~ atm Pa L 10%cm (kg-mzj 10°J
SZ

To set a “heat flow” scale
1. Defined conditions: how experiment is performed
Constant Pressure
2. But not on the path taken (state property)

Heat flow
depends
the conditions

H= enthalpy

O eaction m: AH = Hproducts - Hreactants




Enthalpy is a state property
(measured under constant pressure, but how measured under that
constant pressure is not important)

g=AH>0
endothermic

H >H

products reac tants

H ) O(s) + heat —sH ) (@) Think of heat as a reactant

g=AH<O0
exothermic

H <H

products reac tan tss

CH,g) + 20, = CO,, + H,0,, + heat

Think of heat as a product

Enthalpy is an “extensive” property

I

Depends upon the amount present

CH,g) 20,4, 2 CO,q, + 2H,0, AHE -890kJ

890kJ of heat is released when 1 mole of methane
Reacts with oxygen

- 890kJ
ImoleCH,
- 890kJ
ImoleCH, ,, ( mole 4“’))-

Properties and Measurements

Property Unit Reference State
Size m size of earth
Volume cm? m
Weight gram mass of 1 cm? water at specified Temp
(and Pressure)
Temperature °C,K boiling, freezing of water (specified
Pressure)

1.66053873x1024g amu (mass of 1C-12 atom)/12
quantity mole atomic mass of an element in grams
Pressure atm, mm Hg earth’s atmosphere at sea level
Energy, General

Animal hp horse on tread mill

heat BTU 1 1b water 1 oF

calorie 1 g water 1 oC
Kinetic J m, kg, s
Electrostatic 1 electrical charge against 1 V

electronic states in atom  Energy of electron in vacuum
Electronegativity F

Heat flow measurements constant pressure, define system vs surroundi

per mole basis (intensive)

=41.5% of total U.S. consumption
S piom>

Context for the next example problem

2006 Sept Sci. Am: World Wide Petroleum Usage
Non- and People Transpo

0
transportati 29% of total use
Total transportation
=53%

Air People and Freight 5%

and Freight 19%

U.S. differs from world in distribution of petroleum use

Transportation = 71.8% 3 Non-transportation)

57.8% of Transportation=
Personal land transport

Data US DOE 2006
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Example: If you drove an automobile 1.50x10? miles at 17.5 miles/gal
you consume a certain number of gallons of gasoline. If you burn that
number of gallons of gasoline at constant pressure how much heat
would be released? Assume the gasoline is pure octane with a density
of the octane 0.690 g/mL?

AH = ~1.09x10"kJ 2C,H,, + 250, - 16CO, ,, + 18H,0,,

Strategy: need moles of octane consumed (Golden Bridge) AH

mpg density Molar mass
miles ——— ga]lons T, grams

(150 [ 1ga! )(3.7852‘%(103m1.j(0.6909‘Q&ij[lmol'ec,t|8j[—1.O9x10“k.]j B
TN 175 gel B/ micyH, 11496 H, /| 2mokGH, )~

moles — heat

AH = -1,070,243.955kJ
We will use part of this problem
AH = —1.07x10°kJ  3sigfig Again:

[3.7852 L][ 103mL][0.6909C3H3J( lmoIeCXHs](— 1.09x10* kJ] 2124,861k
gal L mLC,H, 1149C4H, J\ 2moleC H, gal

Rules

1.Enthalpy is an extensive property (depends upon number of moles)
2.Enthalpy change for a reaction is equal in magnitude, but opposite
in sign, to the enthalpy for the reverse reaction

= -1.09x10*kJ 2C,H 4 + 250, - 16CO,,, + 18H,0,,,
AH @qxw K 16CO, ,, + 18H,0,, > 2C,H, + 250,
3. Enthalpy change depends upon the state of the reactant and
products
AH = +44k] H,04) ~ H,0,

S \

ENERGY measurement
a) change in temperature
b) some function specific to the material and how

it is organized (bonds)




ENERGY change is a function of

a) temperature

b) material E, - k(ﬂ
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ENERGY measurement
a) change in temperature
b) some function specific to the material and how

it is organized (bonds)

m = mass

Pure material

gq=m-c-At

¢ = specific heat of a pure substance

C = heat capacity = heat required to raise the temperature of
the system 1°C

units: J/°C

http://www.Isbu.ac.uk/water/molecule.html

Shape and charge distribution
On water

Ciquianzoy=4-18/g-°C

Electron density of water

chargedensity »

Electrons on Oxygen sit
“out there” causing large
Electrostatic potential
Oriented on the electrons

Liquid water is very strongly organized
due to the polarity of the molecule, so it

has a high specific heat

Specific heats, c, of various substances in various physical states

Material Specific Heats ¢, (J/g-K)
Pb(s) 0.12803
Pb(l) 0.16317
Cu(s) 0.382
Fe(s) 0.446
Cly(g) 0.478
C(s) 0.71
CO,(g) 0.843
NaCl(s) 0.866
Al(s) 0.89
CH(1) 1.72

(g) -
C,H 2.43
H,O() 4.18

Ability to store
heat in a substance
is variable.




For the same amount of energy, easier to break
electrostatic attraction of He compared to water with it’s
localized charge

. °
.0 .
,.-
.
..
..

Example: 1.00 cup of water is heated from 25.0 °C to 100.0 °C. How
nany joules were used to heat the water?

-

g=m-c-A T

Mass of \XQ'L -

—

T

[1.00cup] lgt__1L_)10°'mL { 9 }— 23651
DOUPY eups || 10s7qt || L [LimL )T 2

.

At = Thoa = Tinitia At =100°C-25°C

At = 75°C At = 75K

_ 236519 18 |75k
LA T q=741x10*J

q= 7414853 q = 74.1kJ

Example 2: 1 cup of dry soil (specific heat, c = 0.800 J/gK;
density =1.28 g/cm?). Calculate the Joules required to raise the
temperature of the dry soil from 25°C to 100 °C.

1qt 1L 103mL[1.2Sg}_ -
[I.OOcup]{ 4CUPSH 1.057th - } o = (23651g)128 = 302.79

= 302.7 089 75K
q= 19 gK

Qarysoir = 18,164J

q water

——— —— Mean Land Temperature
————— Mean Loke Surface Temperature

°F Between Milwaukee & Muskegon %
75 lafter Church) —238
70 =211
65— ~18.3
4 L
o0 Stable Seasonfl nstable Season 5
551 ~12.8
50 Lag 10,0
451 . -7z
0 Maximum Density
. a4
Water
351 16
Land
30 =11
254 -39
0 T | e ) P | T 6.7

Figure 27 Mean Land Temperatures versus Mean Surface Lake Temperatures in
Southern Lake Michigan Area

Because water has a high heat capacity it takes longer than air or soil to warm up and longer to

cool down




t;‘/ 1. Hot air rises over land
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Figure 36 Diurnal Temperatures, Land versus Water, Typical of the Great Lakes
in the Early Summer

The temperature change in 24 hours in summer for water is not much
leading to big differences between lake and land and thus a lake breeze

Example 3: Heat capacity of the gnetal block of a car combustion engine.
Assume that a Prius der 176.6 kg engine block is made of
iron. The specific heat of iron is 440 J/kg-C. If I drive 8 miles twice a
day (to work and back) at an average 42 mpg, what fraction of the total
available enthalpy in 1 gallon of octane is consumed in heating the

engine block from 25°C to 100°C?
q=m-c-At

q- (200kg)(‘k‘;(_)é] (100- 25 c

42mi|es)( trip )(5,828k.] engine heating) B [27,730kJ heating]
1gal /\8miles 1trip - gal

Compare to heat available from combustion of 1 gallon of octane (from before

AH = -1.09x10*kJ 2C,H,; + 250, » 16CO, ,, + 18H,0,

37852 L)[ 103mL] ( 0‘6909CRH8] [ lmoIeCRHsj [ - 1.09x10* kJ] - 124,861kJ
gal L mLC H; 1149C H, J\ 2moleC H, gal
{ 5,828kJ )100 2200 Let’s compare to what
124,861kJ ’ I measure

COLD AIR

—_— ”AFQG EVAPgRATlgﬂl

WARM LAKE

e
/,%Zj@
STEAM /

o a War

Figure 46 Total Smowfall for 24-Hour Period Ending
£:00 P.M. EST, 2 January 1970,

Heat capacity of large bodies
Of water affect human activity
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PRIUS| & PRIUS 2

IHeating the engine block
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Properties and Measurements

Property Unit Reference State

Size m size of earth

Volume cm? m

Weight gram mass of 1 cm? water at specified Temp

(and Pressure)

Temperature °C,K boiling, freezing of water (specified
Pressure)

1.66053873x1024g amu (mass of 1C-12 atom)/12
quantity mole atomic mass of an element in grams
Pressure atm, mm Hg earth’s atmosphere at sea level
Energy, General

Animal hp horse on tread mill

heat BTU 1 1b water 1 oF

calorie 1 g water 1 oC
Kinetic J m, kg, s
Electrostatic 1 electrical charge against 1 V

electronic states in atom  Energy of electron in vacuum
Electronegativity F

Heat flow measurements constant pressure, define system vs surroundir
per mole basis (intensive) Calorimetry

Relate reaction heat
| Z To the calorimeter heat

qreaction - _qcalorimeter

If the temperature of the water rises (heat flow into water)
then heat must have been lost from the reaction

Example: When 1.00 g of ammonium nitrate, NH,NOj, is
added to 50.0 g of water in a coffee-cup calorimeter, it

S:
NH,NO,, - NH/, + NO;

and the temperature of the water drops fro
°C. Assuming that all the heat absorbed by the reactions \

| comes from the calculate q for the reaction system. \

q lorimeter = m @ At Ucalorimeter = =351
calorimeter
J : ‘—//
qcalonmeter = [SOOQ] 418 gK [2332 C-25.00 C] qreaction = 7qcalor|meter

J reaction = _(_ 351‘])
qcalorimeter = |:2097:|[_ 168K] -

K A 1 degree change in Celsus Grescion = 3519
Geaoringer = =351.120  Is a 1 degree change in Kelvin

Not all calorimeters can be based on

=-m-c-At

qreaction - _qcalorimeter

Heat capacity of the calorimeter

Qreaction = ~ Ureaction = _{[Ccal ]M}

In some problems
You will

Need to determine
This number

In one step and
Then go on

11



Example: The reaction between hydrogen and chlorine

Hyeg) + Clygy » 2HCl

can be studied in a bomb calorimeter. It is found that when a
sample of H, reacts completely, the temperature rises from 20.00 to
29.82 °C. Taking the heat capacity of the calorimeter to be 9.33 kJ/°C,

pd

calculate the amount of heat evolved in the reaction.

Heat evolved?

Example: Salicyclic acid, C;H,O;, is one of the starting materials in the
manufacture of aspirin. When 1.00 g of salicylic acid burns in a bomb
calorimeter, the temperature rises to 32.11°C from 28.91 °C. The
temperature in the bomb calorimeter increases by 2.48°C when the
calorimeter absorbs 9.37 kJ. How much heat is given off when one mole

of salicylic acid is burned?
9.37kJ

1.00 g of C7H6O3 Ureaction = ~ |: 248°C
Tinitial 32.11°C

Tppar 29.91°C

9.37k] required to cause 2.48 °C change

1389C7Hhox](—8.3121kJJ
ImoleC,HyO, | T =" | Tac i o, ) = 3158598k
reaction t (1molec, H, x)[ 1moleC. 0.\ 1gC. H.0;

??? =-316kJ
937k
@l 248°C

}(32.11- 2991)

=-83121kJ

q reaction

= —|C_, |At Calorimeter capacity = 9.33 kJ/°C
qreactlon [ cal ] T 00 °C
fina1 = 29.82 °C
kJ o o
Qrcion = ~| 93352 [29.82°C - 20.00°C
O reaction = -91.6kJ
Combine
' : 2CH 4 + 250, - 16CO,,, + 18H,0,
calorimetry Reaction stoichiometry

To get reaction enthalpies

Example 2 What 1s thd enthalpy change for the reaction AH

NH,NO,,, » NH; ..+ NO;

4(aq 3(aq)
If exactly 1 g of ammonium nitrate is reacted in a bomb calorimeter

made with 50 g of waterand the temperature of the water drops from

25.00 °C to 23.32 °C?

Grencion = = Oentorimar = 50.09]{4.18 5 [2332°C - 2500°C]
; 2N=28.02
Orecion = {— 209%}[— 168°C] ;‘gz&
Oreacion = 351.12.J {3511{80059} _ 281003 _ 28.1kJ 80.03
Uyenction = 3513 1g mol mol mol
Qrecction  cons an tabpressure. AH =351
NH,NO, , - NH/, + NO; ., AH = +28.1kJ

12



NH,NO,,, - NH;,

4(aq)

+ NO;,

3(aq)

AH = +28.1kJ
Where did the per/mole go?
The reaction was written as a per/mole

Enthalpy is understood as a per/mole of reactant (or as the reaction
is written)

INH,NO, ;- 1NH; ,, +INOj 4, AH = +28.1kJ

—
‘When there are no

‘ Thermochemical Equation Rules ‘ Coefficients it is understood that
Itis “1”

1. Value of )H applies when products and reactants are at same
temperature, 25°C unless otherwise specified.
2. Sign of JH, indicates whether reaction, when carried out at
constant pressure, is exothermic or endothermic
3. mgn changes when reaction is reversed
NH; o) + NOjo, = NH,NO,, AH = -28.1kJ
4. Stoichiometry is important
4. Phases of all species must be specified
5. Values of )H is same regardless of method used to calculate it
(Hess’s Law)

Example 1llustrating importance ot phases

Using a coffee-cup calorimeter, it is found that when an ice cube
weighing 24.6 g melts, it absorbs 8.19 kJ of heat. Calculate
for the phase change represented by the thermochemical equation

H,O, = H,O4

8.19kJ || 18029y
24.69;, | mole,

[1mole,, o | = 6.00K)

An example of several of the rules using Fuel Cells ‘

Fuel cells use the reaction:
1
Hy ) + 30y 2 HO,

Calculate the enthalpy for the equation above given that:

AH = +571.6kJ 2H,0,, » 2H,,, + O

() 2(9) 2(9)

Reverse reaction:

AH = -571.6k] 2H,,, + O,y = 2H,0,,
scale
~571.6kJ 1
AH = ————= -286k] Hayg + 2 Oxg) = H,0y,

Here we got a number by coming “at it” from an odd direction

13



Hess’s law

The value of )H for a reaction is the same whether it occurs in one
step or in a series of steps (enthalpy (constant P, T) is a state
function)

3. Thr vich R, Hertz,  Max Planck
18561940 18571894 18581947

Germain Henri Hess G3: Science is Referential

1802-1850 [
born in Geneva Switzerland ool
Professor of Chemistry . S
At St. Petersburg Technological Institute ¥a, 7= : el
Example of how Hess’s law is useful AH = -566.0kJ 2C0,, + Oy, = 2CO,,
1
Cio T 2029 = CO, AH = +566.0kJ 2C0, 4, = 2C0, + Oy,
It is difficult to measure the heat evolved for this reaction because it AH = +566.0kJ co co '0
occurs as the partial burning of carbon in the presence of other reactions - 2 29) 7 @ T 2%0
involving the complete burning of carbon
1
+ p—
Cot O e AH = +283.0kJ Bey, - €O, +X)2(g)
. CO, +1/20 Number we want -
e 2(e) = -3935 . ) CQ
* * But can’t actually measure A 3935k) Co + q\“J' - -(9)
Related to 2CO + O,....
Get to the number by an alternative !
Cco AH = -110.5k Cy+-0,, - CO
2o Path (State function!) 05k] () 2729 (9)
To solve rearrange equations to get CO on right hand side Cyt Ospy
AH = -393.5kJ Cis) T Oyq) 2 COyy, CO, +1/20,,
AH = -566.0k] 2C0O,, + Oy, = 2CO, lco
—_ 2e)




Enthalpies of Formation [nvoke Rule G5: Chemists are Laz)

Rather than getting the enthalpy for each reaction from a bomb
calorimeter use a smaller number of standard reactions from which
Hess’s law can be applied to get all the remainder reactions of
interest

Enthalpy associated with standard reaction is

enthalpy of formation
which is the enthalpy change when one mole of compound is
formed at constant pressure of 1 atm and a fixed temperature,
ordinarily 25°C, from the elements in their stable states at that
pressure and temperature. STP (Standard Temperature and
Pressure)

This allows us to look at enthalpy of compounds
not reactions which reduces total data which must
Be acquired (Chemists are Lazy!!!)

1 is “understood”

|§o 2 1 p
A_‘f 2 _882k‘] 2 NZ(g,latm,ZSC) + OZ(g,latm,25C) ‘MOZ(g,latm,ZSC)

Standard molar enthalpy of formation of a compound

From elements in their stable states at 1 atm pressure
25°C

Most )Hp are negative meaning that formation
of the compound from the elements is ordinarily
exothermic

Elements in their stable states at 1atm, 25°C have a standard
molar enthalpy of 0

Why?

Elements in their stable states at 1atm, 25°C have a standard
molar enthalpy of 0

Fe, - Fe,

o _ o] _ o] _
AHFe(s) - AHFe(s) latm,25C AHFE<S> latm25C

Products (standard state) - Reactants (standard state) = 0

oD !
A_‘f )~ _882k‘] 2 NZ(g,latm,ZSC) + OZ(g,latm,ZSC) - NOZ(g,latm,ZSC)

Standard molar enthalpy of formation of a compound

From elements in their stable states at | atm pressure
25°C

Most )Hy are negative meaning that formation

of the compound from the elements is ordinarily

exothermic

For aqueous ions, the enthalpy is scaled relative to the
proton

AHOHZ, = 0

15



Do we detect any patterns?

kJ/mol
o
AH® kJ/mol AH{  kJ/mol AH?
0 Sc(s) 0
Si(s) 0
0 Na(s 0
0 C(s,thombicT> 0
Ti(s 0
Zn(s) 0

Common non-metals
Have specific forms
In which they

Are standard

SO OO OO O

Properties and Measurements

Property Unit Reference State

Size m size of earth

Volume cm? m

Weight gram mass of 1 cm?® water at specified Temp

(and Pressure)

Temperature °C, K boiling, freezing of water (specified
Pressure)

1.66053873x10%g amu (mass of 1C-12 atom)/12

quantity mole atomic mass of an element in grams

Pressure atm, mm Hg earth’s atmosphere at sea level
Energy, General
electronic states in atom  Energy of electron in vacuum

Electronegativity F

Heat flow measurements constant pressure, define system vs surroundings

per mole basis (intensive)

MOST metals are
elemental solids (metal) in J§ Of I, are gases in
standard state Stable, standard state

Group 17 with exception

Standard Molar Enthalpy 25°C, 1 atm, from stable state
)Hfo Hanr =0

Calculation of )H° standard enthalpy change of a reaction

AHO = Z nAH ?’pmducts _ z NAHY e ianss 1 atm pressure
25°C

1. The coefficients of products and reactants in the
thermochemical equation must be taken into account

@l@f Fe,0y @Qﬁ + Al,O,
AH® = {A H ?,AIZO3 @H ?,Fe(s) } - {A H ?,Fe2035 @ H fO,AI(s) }

AH® = AHfo,AIzol - AHfo,Fe2035

2. Elements in standard states can be omitted because heats of
formation are zero 0JO!

AH® = -1669.8- (- 822.16)
AH® = -1669.8 + 822.16 = -847.65k] / mol

Calculation of )H° standard enthalpy change of hot and cold packs

[e] [} o]
AH™ = Z NAHY bodues — Z NAHY o ants 1 atm pressure

25°C

NH,NO,, » NH;, + NO;

4.aq 3.aq

AHO = {AH" +AH® }— {AH?,NHANOB_S}

f.NH; 2 f.NO; 44
Appendix
Compound AH, kJ/mol
AH® = {- 1325+ -205.0} - {- 365.6} NH,NO -365.6
NH,", -132.5
i -205.0
kJ MgSO, . -1284.9
AHO = {— 3375} - {— 3656} = +28FOI Mg2+ s _466.8
aq N
0,7, -909.3
Fe,s 0
Compares well to the calorimetry calc. (28.1kJ/mol)! 02 0
-&
Fe, O, -1118.4
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MgSO4 s — Mgz+ + SOZ aq Example: Calculate the )He° for the combustion of one mole of

methane CH, according to the equation
SR = M 0 | {8 s | CH,, +20,, - CO, . +2H,0
— 49 ZZ20 2(9) 2(9)

AH® = {- 4668+ -909.3} - {- 1284.9} Given the standard enthalpies of formation at 25°C, 1 atm from Appendix
AH® = {13761} - {- 1284.9} = 912 0, ISJ/m(’l i

ducts are more stable, lower in the ener: ™ HTCOZ(g) 2935 M ) . AR

" well)than reactants ’ < C#(Q -31 lég
| " 4(g) o

moICOzj

j + (Imolco, )[— 3935

AHC = | (2molH o)[— 2418—2
: " molH,0

hitp://www.edinformatics.com/math_science/info_water.htm

Liquid water

KJ kJ
_ (zmolo2 )[0 moloz) + (lmOICH4)(— 74'8mOICH24”

hitp://www.Isbu.ac.uk/water/hofmeist.html

http://biochempress.com/Files/IECMD_2003/IECMD_2003_027.pdf

Example: Calculate the )He for the combustion of one mole of Example: Calculate the standard enthalpy of formation for octane
methane CH, according to the equation T L09x10* kJ 2C.H 250 16CO 18H.0
= - 1.09x + - +
CH,, +20,,, - CO,, + 2H,0,, , el Rl 29 " 1% )
g g g g Given the standard enthalpies of formation at 25°C, 1 atm
kJ/mol
kJ e o
AH® = (ZmoIHZO)[— 2418 ) ¥ (1mo|coz)[— 3935 j 0, 0 AH® = 2 AHY o Z AHY eacins
molH,0 molCO, © 393.5 -
-393. 0 4
o . ) 2Eg)> Sals  AHT=-109x10%K] = Y AHS s
-1(2mol0, ) 0——| + (ImoICH, ) - 748—~— ¢ '
( mo 2)[ moIOZJ ¥ ( mo 4)[ m0|CH24) CH4(g) -74.8 - Z AHf reactants
241.8kJ
AH® = [-877.10k]] - [-74.8kJ] = ~802.30kJ - 10910°KI - [(lémo'c%)[ 5935 o6 ] + (1o, 0)[mo.Ho]

. o _
Sig figs? AH"~ = -802.3kJ 2moIC Hog @ 25mol0, ) H

- 1.09x10*kJ = [(- 6296kJ) + (- 4352.4kJ)] - [2x + 0]

Can also “reverse” the problem (inside out socks) 21952kJ = -

- 1.09x10*kJ = ~8704.8kJ - 2 X=-1097x10°kJ




Bond Enthalpy

The change in enthalpy when 1 mole of bonds is broken in the gascous
State.

Rule G3: Science is referential!

For covalent bonds, bond enthalpies depend on?

Br,,, — 2Br, AH = +193k]
Which has a stronger bond
Clz(g) - 2C|g AH = +243kJ Enthalpy?
Bond Bond Pauling's Enthalpy
Length AE.N. Single Bond
pm kJ/mol
Bond Bond Pauling's atomic Enthalpy (Averaj—)—e
Length EN. radii | Single Bond Cl-ClI 199 0 243
pm (pm) kJ/mol Br-Br 228 0 193
(Average) | 1--1 267 0 151
H-H 74 22 37 436
c-C 154 25 77 348
cicl 199 32 9 243 H-F 92 1.8 568
S-S 205 26 104 226 H--CI 127 1 432
Br-Br 228 3 114 193 H--Br 141 0.8 366
NN 5 70 59 H-l 161 0.5 298
2| = 267 27 133 151
0-0 148 35 66 145
C-F 135 15 488
c-Cl 177 0.7 330
. C--Br 194 05 288
Bottom line — C- 214 02 216
atomic radii cF | 13 15 488
“ s . c-0 143 1 360
AE.N. seem to “best” determine| c-n 147 05 308
. C--C 154 0 348
bond enthalpies
H--H 74 0 436
H-O 96 13 366
H-N 101 038 391
H--C 109 03 413
H--H 74 0 436
H--C 109 0.3 413
H-N 101 038 391
H-O 96 13 366

Bond Bond Pauling's Enthalpy
Length AE.N. Single Bond
Bond length pm oy
Overall structure of the molecule crer [ 199 0 243
Br-Br 228 0 193
I--1 267 0 151
H--F 92 1.8 568
H--Cl 127 1 432
H--Br 141 0.8 366
H--| 161 0.5 298
Bond length is nice, but it doesn’t ca | 7 o perd
Really relate to the Periodic table Pl ! o 2
AND it isn’t the whole story c-F 135 15 488
C--0 143 1 360
C-N 147 05 30—
Electronegativities? D e 0 348
Can explain some trends A - % pod
H--N 101 0.8 I
E..g !Eg 0.3 413
H--H 74 0 436
H--C 109 0.3 413
H--N 101 0.8 391
H--O 96 1.3 ?L
Bond enthalpies increase Single <Double < Triple
But not by multiples of the single bond
Bond Enthalpy (kJ/mol
X-X X=X X=X
Cc-C 347 , 612 , 820|measyred
694 1041 calc.
N-N 159 418 941|measured
318 477|calc.
C-N 293 615 890(measured
586 879|calc.
Cc-O 351 715 1075|measured
702 1053|calc.




Your book’s emphasis on bond enthalpies?

Relates to the energy
released
or
taken up

By a reaction

If Bonds of Reactants stronger than bonds products endothermic

We will take up the issue of bond enthalpy when discussing
solids

Examples we have examined about energy so far

Hydrogen Fuel Cell

AH = -286kJ H,g + 30ug = H,0,
1
AH = -1105kJ Co) 2059 = €Oy
AH = -3935kJ Cio) + Os4 > COy

Fossil fuel burning (methane)

AH = ~890kJ CH,, +20,,, = CO,,, +2H,0,,
Fossil fuel burning (octane)
AH = -1.09x10*kJ 2CH,, + 250, » 16C02(g) + 18H20(g)

50 A

45 -

40 -

Pure octane

Energy Density

o - —u Charcoal

s cod >
Sawdust -
T =y Feal ' Sub-biturminous Coal
Pine Wood

g Em;al-smm Waste Sewage Sludge

0 10 20 30 40 50 60 70 80 a0

% Cldry weight

FITCH Rules

G1: Suzuki is Success

G2. Slow me down

G3. Scientific Knowledge is Referential
G4. Watch out for Red Herrings

G5. Chemists are Lazy

General

C1. It's all about charge

C2. Everybody wants to “be like Mike”
C3. Size Matters . - k[&j
C4. still Waters Run Deep il
C5. Alpha Dogs eat first, ...

Chemistry
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Summary Slides

A+ B+heat—> C +q endothermic
heat to system

A+ B- heat+C -q exothermic
heat to surroundings

q-= Cm[t final ~ Cinitiat ] = CMAt

c is a measure of the intermolecular interactions; very large for
water = measure of the polarity of the water molecule

= AH = enthalpychange = H H

reac tants

q ‘ cons tan tpressure products

AH fysion 1,0 H,O. - H,0,, Says something about
intermolecular
. . -
A Hvémorizathzo HZO(I) - HQO(g) interactions (polarity!)

“A” students work
(without solutions manual)
~ 10 problems/night.
Alanah Fitch
Flanner Hall 402
508-3119
¢ \ / / Office Hours W — F 2-3 pm
EVERY DAY!
AH = +571.6kJ 2H,0,, » 2H,, + O,
AH = -571.6kJ 2H,,, + Oy, = 2H,0,,
-571.6kJ |
H = —— == -286k] Hay + 3 Oxg) = H0,,

An example of Hess’s Law

An example of a reaction of standard molar enthalpy of formation

A
| N

2 NZ(g,latm,ZSC) + OZ(g,latm,25C) - NOZ(g,latm,ZSC)

AH? = -882kJ

AHO = Z AHfo,produt:ts - Z AHfo,rea\ctant-s,

AH = AE + A(PV)
AH = AE + (PV) s = (PV)

reactants

Properties and Measurements

Property Unit Reference State

Size m size of earth

Volume cm? m

Weight gram mass of 1 cm? water at specified Temp

(and Pressure)

Temperature °C, K boiling, freezing of water (specified
Pressure)

1.66053873x10g amu (mass of 1C-12 atom)/12

quantity mole atomic mass of an element in grams

Pressure atm, mm Hg earth’s atmosphere at sea level
Energy, General
electronic states in atom  Energy of electron in vacuum

Electronegativity F

constant pressure, define system vs surroundings
per mole basis (intensive)

Heat flow measurements

Standard Molar Enthalpy 25°C, 1 atm, from stable state
)HfO I_Ianr =0

20



[
TO PRACTICE

EVERY DAY!

“A” students work
(without solutions manual)
~ 10 problems/night.

Alanah Fitch
Flanner Hall 402
508-3119

Office Hours W — F 2-3 pm
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