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Unit 1: Atomic Structure & Properties

ÁVisualizing the Atom: TEM

ÁMeasuring Orbitals in 

Quantum Mechanical Model

ÁXPS ï core electrons

ÁUPS ï valence electrons

ÁGeneral Applications of 

Isotopes



How do we know atoms exist?
Atom: smallest particle of an 

element that retains its 

chemical identity

ÁHow do we know it exists?

ÁCan we see it?

Transmission Electron Microscope
images of graphene

Sur, U. Inter J of Electrochem. (2012) 10.1155/2012/237689.

H. Kuang, et al, ACS Nano (2015) 9, 5, 4786ï4795.

Graphene: a single layer of graphite

1 nm



How do we measure energy of 

electrons in orbitals?
X-ray and Ultraviolet photoemission spectroscopy

ÅAre X-rays and UV rays 
high or low energy?

ÅHigh!

ÅTherefore, they have 
enough energy to 
possibly kick an electron 
off an atom!



How do XPS & UPS work?
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ÅStudy core electrons

UPS:

ÅStudy valence electrons



XPS of Phosphorus on Gold

Au 4f

P 2p
P 2s

C 1s

Au 4d
Au 4d-

N 1s
O 1s

Au 4p

Au 4sZn 2p

Increasing Energy

on gold substrate

Phosphorus, P

ÅElectron configuration: 

1s2 2s2 2p6 3s2 3p3

XPS of phosphorus

ÅMight see 1s, 2s, 2p



Why are isotopes significant?

https://www.healthline.com/health/

thyroid-scan#uses

https://en.wikipedia.org/wiki/File:Ben

zyneconversioncolouredlabels.png



Unit 2: Molecular & Ionic Compounds

ÁCan we see bonds? Can we 

measure them?

ÁEffects of hybridization



Measuring Bond Length
Atomic force microscopy (AFM)

Sur, U. Inter J of Electrochem. (2012) 10.1155/2012/237689

Graphene: a single layer of graphite



Ionic vs. Covalent
Ionic ñBondingòCovalent Bonding

Shiotari, A., Sugimoto, Y. Nat Commun 8, 14313 (2017). 

https://doi.org/10.1038/ncomms14313



What is the C hybridization?

DiamondGraphite

Graphite (aka pencil lead) Diamond



Unit 3: Intermolecular Forces

ÁShape of snowflakes

ÁResearch: Non-Newtonain fluids

ÁResearch: Janus particles

ÁTypes of solids in everyday life



Snowflakes are shaped by IMFs!

Consider a single water molecule. How 

many water molecules can it hydrogen bond 

to (ignore crowding effects)?

A snowflakeôs 
shape is determined 
by the interactions 
of hydrogen bonds 
during its 
formation.



How does Gore-tex work?

EVAPORATION CHARACTERISTICS OF WATER DROPLETS ON SUPER-HYDROPHOBIC SURFACE

Hydrophobic surface

Hydrophilic surface

Super hydrophobic surface

Polar water

Choi, Chang K., ñEvaporation characteristics of water droplets on super-hydrophobic surface.ò (2022)



Non-Newtonian Fluids
ñHere we show that these stresses originate from an impact-generated 
solidification front that transforms an initially compressible particle matrix 
into a rapidly growing jammed region, ultimately leading to extraordinary 
amounts of momentum absorption.ò

  Nature, 487, 205ï209 (2012).

ÁMicroscopic particles donôt have time to move out of the way of each 
other and get jammed together.   Ą temporarily acting like a solid

Á Quickly, the material returns back to its original liquid state.

Á However, we DO NOT YET know what happens with the particles in 
their ñsolidò state. 
ÁHow close together are they? Are they touching? 

News Article: https://phys.org/news/2012-07-duo-non-newtonian-fluids-harden-
impact.html

Fundamental difference: Distance between particles

https://phys.org/news/2012-07-duo-non-newtonian-fluids-harden-impact.html
https://phys.org/news/2012-07-duo-non-newtonian-fluids-harden-impact.html


Janus Particles

ÁTwo-faced particles

ÁHydrophylic vs. hydrophobic

ÁSelf-assembly particles

ÁSolar cells: n-type vs. p-type 



Amorphous vs. Crystalline Solids

DiamondCharcoal



Properties of Types of Crystalline Solids



General Guide for Bonding in Solids

Metals

Covalent

network

Molecular

Ionic = metal + electronegative element



Graphite:
Graphite

Graphene: a single layer of graphite

Graphene is:
The thinnest material
The strongest material (by weight)
The most conductive material
The most flexible material

3.35 Å, vdW  
interaction

1.4 Å, covalent bond

Covalent-network (in plane) & Molecular (between planes)



Gypsum: Chalk, Plaster of Paris, Sheet Rock

CaSO4 · x H2O

Water between layers

A.E.S. Van Driessche et al. (eds.), New Perspectives on Mineral Nucleation and Growth, DOI 10.1007/978-3-319-45669-0_12
Ionic (CaSO4 in-plane)  & molecular (hydrogen bonding 

between planes)



Gypsum: Crystals & SEM
Rahman, F. (2013). Calcium sulfate precipitation 

studies with scale inhibitors for reverse osmosis 

desalination. Desalination. 319. 79ï84. 

10.1016/j.desal.2013.03.027. 



Unit 4: Chemical Reactions

ÁPrecipitating lead (very 

relevant in Utah)

ÁCombustion of Gasoline



Precipitation Reactions
Precipitation reactions occur when two solutions containing soluble salts are 

mixed and an insoluble salt is produced. The solid is called a precipitate.

For example: What happens when potassium iodide and lead (II) nitrate react? 

Be sure to include states of matter in the balanced chemical reaction.

ς ὑὍὥή ὖὦὔὕ ὥήO ς ὑὔὕ ὥή ὖὦὍί



D-Lead® Paint Test Kit from ESCA Tech, Inc

Lead-based paint was banned iin 1978 due to its toxic effects.

1. Lead in the paint is likely to have oxidized in air and formed lead (II) carbonate 

PbCO3. A sample of paint is first placed in a basic solution (< 1 wt % NaOH). 

PbCO3 (s) + 4 OH- (aq) Ÿ Pb(OH)4
2- (aq) + CO3

2- (aq) K1

2. Then, ammonium sulfide (NH4)2S (< 2 wt%) is added to the previous mixture. If 

any lead cations are present, the following reaction will occur, producing brown 

lead (II) sulfide.

Pb(OH)4
2-

 (aq) + (NH4)2S (aq) Ÿ PbS (aq) + 2 NH4OH (aq) + 2 OH- (aq) K2

Given that each of these reactions occur spontaneously at room temperature, what can 

be determined about the standard Gibbs Free Energy ɝὋᶼ for these processes (positive, 

negative, or zero)? (2 pts)

1) What can you determine about the equilibrium constant Keq for these reactions 

(Keq > 1, Keq < 1, Keq = 1)? Briefly support your answer. (2 pts)

Å

Å

1) Write the equilibrium constant Kô for the net chemical reaction.  How is Kô 

calculated based on K1 and K2? (3 pts)



D-Lead® Paint Test Kit from ESCA Tech, Inc

1. Given that each of these reactions occur spontaneously at room 

temperature, what can be determined about the standard Gibbs Free 

Energy ɝὋᶼ for these processes (positive, negative, or zero)? 

2. What can you determine about the equilibrium constant Keq for these 

reactions (Keq > 1, Keq < 1, Keq = 1)? Briefly support your answer. Write 

the equilibrium constant Kô for the net chemical reaction.  

3. How is Kô calculated based on K1 and K2?

4. The first reaction can only occur in basic conditions where the pH > 12. 

Calculate the pH of the < 1 wt% NaOH. Approximate the density of this 

solution as 1 g/mL at room temperature. 

5. The detection limit of this reaction if 400 ppm Pb. What is the limiting 

reactant in this test: NaOH, (NH4)2S, or PbCO3? 



Combustion of Gasoline
Gasoline used in vehicles is a mixture of 

hydrocarbons that can be approximately 

represented by the formula C8H18. When this 

hydrocarbon combusts in an engine, it produces 

energy that can then be used to move a vehicle. 

Write the complete combustion reaction of 

gasoline in a car.

2C8H18(l) + 25O2(g) Ÿ 16CO2(g) + 18H2O(g)



Technology Highlights
ÁOxidation

ÁAg vs. Al mirrors

ÁAl2O3 vs CuO

ÁSelective adsorption

ÁScrubbing CO2

ÁSurface functionalization

ÁSensors 

ÁNew material discovery & characterization



Unit 5: Kinetics

ÁLifetime of medicine

ÁElephant toothpaste: 

Decomposition of H2O2

ÁHow yeast catalyzes this is still 

NOT KNOWN!



Kinetics & Pharmaceuticals
The chemotherapy drug Platinol is used to treat 

a variety of cancers. The change in 

concentration vs. time for Platinol is plotted 

below. Based on the graphs, is the hydrolysis of 

Platinol a zeroth, first, or second order reaction?

A. Zero

B. First

C. Second

D. Impossible to tell 



Half-life & Pharmaceuticals
The rate constant for Platinol is 1.5 x 10-3 

min-1 under physiological conditions. If the 

starting concentration of Platinol is 0.89 M, 

what is the half life of the drug? 

A. 410 minutes

B. 440 minutes

C. 460 minutes

D. 520 minutes

= t1/2

0.693
k



Proócatô Kinetics
A cat has a daily dose of fluoxetine (Prozac) to treat her 

severe anxiety.  When her owner goes out of town, the 

pet sitter is unable to get her to take her medicine.  After 

missing five days of medicine, what percentage of the 

therapeutic level remains in the catôs blood?  The half-life 

is 55 hours.  Assume the drug is metabolized according to 

first-order kinetics.



Unit 6:Thermodynamics

ÁñKitchen chemistryò

ÁPhase Changes of NaCl

ÁSupercritical fluids

ÁResearch: Supercooled fluiids

ÁResearch: Solid Phase

ÁResearch: 2D solids

ÁCalorimetry



Instapot: Chemistry or Hoax?
The Instapot  is an electric pressure cooker 
that claims to reduce the time necessary to 
prepare foods.  How does it work?
A. The Instapot  decreases the pressure in the cooker, thus decreasing the boiling point 

(BP) of water.  As the water is heated, it boils more quickly and so cooks the food 
more quickly.  

B. The Instapot  increases the pressure in the cooker, thus increasing the BP of 
water, and the food is cooked more quickly because it is cooking at a higher 
temperature.

C. The Instapot  increases the pressure in the cooker, thus decreasing the BP of water, 
and the food is cooked more quickly because it reaches the BP more quickly.

D. Although the Instapot  changes the pressure inside the cooker, it only affects the vapor 
pressure, not the BP, of water.  Food is cooked faster because all the heat is kept in 
the cooker.

E. The Instapot is a gimmick.



High Altitude Recipes: WHY?
Many recipes have different instructions for baking at higher 
altitudes, including using a higher temperature. This is due to 
the differences in atmospheric pressure and its effect on 
cooking conditions.

At a higher altitude, atmospheric 
pressure is _____, therefore water boils
at a _____ temperature. 

A. < 1 atm, higher

B. < 1 atm, lower

C. > 1 atm, higher

D. > 1 atm, lower



Boiling Point of NaCl
Sodium chloride melts at 801 oC.  Molten NaCl 
has a vapor pressure of 6.12 torr at 977oC and 
8.66 torr at 1003 oC. 

What is its normal boiling point?
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Can you really boil NaCl?
Courtesy of Dr. Scott Warren, UNC 

Department of Chemistry



Supercritical Fluids
Behave like a liquid & gas:
Áthe fluid fills a container completely (like a 

gas)

Áthe fluid is much denser than a gas (like a 

liquid).

Supercritical fluids are produced when:
1.Temperatures are high enough to overcome 

intermolecular forces.

2.Pressures are high enough to achieve high 

densities.



1. Non-polar.  

ïDissolves non-polar substances. (ñLike dissolves like.ò)

2. Enters materials like a gas.

3. Tunable density.

4. Cannot be oxidized.

5. Volatile.

6. Non-toxic.

Supercritical fluids has replaced toxic solvents in certain 
applications, including:

Á a solvent for dry cleaning

Á a solvent for extracting caffeine from coffee beans

Supercritical CO2



Research: Supercooled fluids

Wynne Lab, University 

of Glasgow

H2O



Research: Different Solid Phases

Link to different phases here

Ih ï Hexagonal

III - Tetragonal

II - Rhombohedral

http://www1.lsbu.ac.uk/water/water_phase_diagram.html


Research: 2D Solids
ÁBlack Phosphorus: direct gap semiconductor, sp3

ÁBlue phosphorene: indirect semiconductor, sp2 hybridization

ÁGraphene: semimetal, sp2 hybridization, honeycomb

(c)    Graphene

Jain, Ankit & Mcgaughey, Alan. (2015). Strongly anisotropic in-plane thermal transport in single-layer black phosphorene. Scientific 

reports. 5. 8501. 10.1038/srep08501. 



Where do we use calorimetry and 

enthalpy?

Food
Fuel



Unit 7: Equilibrium

ÁHaber process

ÁOcean acidification

ÁMining Quarries & Basicity

ÁEvery day life: Ammonia



Research: Haber Process
Haber Process

σὌὫ ὔ Ὣ ᵶςὔὌ Ὣ 

Exothermic: ɝὌ π        Keq = 6.8 x 105

ÁWe have not achieved a production yield 

of ammonia above 15%. 

ÁHowever, if we could improve the yield of 

ammonia, we could produce sufficient 

fertilizer to adequately address food needs 

around the world.
https://areweanycloser.wordpress.com/2013/06/21/dendritic-lithium-and-battery-fires/

https://areweanycloser.wordpress.com/2013/06/21/dendritic-lithium-and-battery-fires/


Research: Li-Ion Batteries
ÁLi-ion Batteries

https://areweanycloser.wordpress.com/2013/06/21/dendritic-lithium-and-battery-fires/

https://areweanycloser.wordpress.com/2013/06/21/dendritic-lithium-and-battery-fires/


Homework Question

In old mining sites, such as 

this rock quarry, water can 

collect.  Over time, minerals 

become dissolved in the 

water and alter its pH.

If CaNO3 dissolves into the 

water, what would the pH 

be?

A. Basic



Question

A. products dominate the system mixture.

B. reactants dominate the system mixture.

C. roughly equal amounts of products and 

reactants are present in the system mixture.

D. only products are present.

E. only reactants are present.

For this aqueous reaction in household ammonia
 ὔὌ ὌὕᵶὔὌ ὕὌ  
ὑ ρȢψẗρπ  at 25oC. At equilibrium, _____.



Unit 8: Acids and Bases

ÁMaking Cheese/Tofu/etc

ÁHuman Buffers



What is a buffer?

What is a buffer?  Buffers 
are mixtures that resist 
changes in pH.

If you add strong acid or 
strong base to a buffer, the 
pH wonôt change much. 

Our bodies function 
because our blood is a 
buffer with a pH of 7.45.  

Buffer

Strong acid

or  

Strong base

Buffers soak up H+ from 

a strong acid or the OH- 

from a strong base.



Buffers in the body
The equilibrium system that buffers blood is:

 Ὄὅὕ ὥή ὌὕὰᵶὌὅὕ ὥή Ὄὕ ὥή

What is the ratio of [HCO3
-] to [H2CO3] in 

blood at pH 7.45?

 Ka(H2CO3) = 4.3 x 10-7



Unit 9: Applications of Thermodynamics

ÁBatteries

ÁPrimary Batteries (1971)

Áe.g. Car batteries

ÁSecondary Batteries (recharge)

Áe.g. Li-ion



Galvanic Cells (or Voltaic Cells)
Galvanic cells have:

Åoxidation-reduction reactions

Åelectrical energy can be utilized

Åthe reactions occur spontaneously

ÅȹG is negative  (ȹE is positive)

Floor of Tesla 

Model S

500 kg (1000 

pounds) of batteries



Car Batteries: 12 V
Á6 Galvanic Cells in series

ÁApproximate voltage from each cell: 

Calculate the voltage produced by each cell.

Ὁ Ὁ ὧὥὸὬέὨὩὉ ὥὲέὨὩ



Car Batteries: 12 V

Ὁ Ὁ ὧὥὸὬέὨὩὉ ὥὲέὨὩ

Á 6 Galvanic Cells in series
Á Approximate voltage from each cell: 

Calculate the voltage produced by each cell.

ὖὦὕ ί ὌὛὕ ὥή ςὌ ὥή ς Ὡ ᴼς ὖὦὛὕ ί ςὌὕὰ Ὁᶼ ρȢφω ὠ
ὖὦὛὕ ί ς Ὄ ὥή ς Ὡ ᴼὖὦί ὌὛὕ ὥή   Ὁᶼ πȢσυ ὠ
        
       .                        /

ὖὦὕ ί ὖὦί ςὌὛὕ ὥήO ς ὖὦὛὕ ί ς Ὄὕὰ   Ὁᶼ ςȢπτ ὠ



Car Battery: 12 V

ὖὦὕ ί ὌὛὕ ὥή ςὌ ὥή ς Ὡ ᴼς ὖὦὛὕ ί ςὌὕὰ  Ὁᶼ ρȢφω ὠ

ὖὦὛὕ ί ς Ὄ ὥή ς Ὡ ᴼὖὦί ὌὛὕ ὥή   Ὁᶼ πȢσυ ὠ

          

ὖὦὕ ί ὖὦί ςὌὛὕ ὥήO ς ὖὦὛὕ ί ς Ὄὕὰ   Ὁᶼ ςȢπτ ὠ



Car Batteries: Gibbs Free Energy
Calculate the standard Gibbs free energy ɝὋᶼ 
for the car battery.

ὖὦὕ ί ὌὛὕ ὥή ςὌ ὥή ς Ὡ ᴼς ὖὦὛὕ ί ςὌὕὰ Ὁᶼ ρȢφω ὠ

ὖὦὛὕ ί ς Ὄ ὥή ς Ὡ ᴼὖὦί ὌὛὕ ὥή   Ὁᶼ πȢσυ ὠ

         

ὖὦὕ ί ὖὦί ςὌὛὕ ὥήO ς ὖὦὛὕ ί ς Ὄὕὰ  Ὁᶼ ςȢπτ ὠ

1 F = 96,485 C/mol = 96,485 J/V-mol



Car Batteries: Equilibrium Constant

Calculate the equilibrium constant K for the car 

battery at ςυᶼὅ.

ὖὦὕ ί ὌὛὕ ὥή ςὌ ὥή ς Ὡ ᴼς ὖὦὛὕ ί ςὌὕὰ  Ὁᶼ ρȢφω ὠ

ὖὦὛὕ ί ς Ὄ ὥή ς Ὡ ᴼὖὦί ὌὛὕ ὥή   Ὁᶼ πȢσυ ὠ

        

ὖὦὕ ί ὖὦί ςὌὛὕ ὥήO ς ὖὦὛὕ ί ς Ὄὕὰ   Ὁᶼ ςȢπτ ὠ

1 F = 96,485 C/mol = 96,485 J/V-mol



When do batteries work best?

What happens to Ecell as temperature 

increases? Explain.

Often times, people store their batteries in the 

fridge. Is this a good or bad practice? Explain.

1 F = 96,485 C/mol = 96,485 J/V-mol



Car Batteries: Non-standard Conditions

What would happen to the value of K if the 

battery acid were less concentrated?

What would happen to the voltage

produced?

ὖὦὕ ί ὌὛὕ ὥή ςὌ ὥή ς Ὡ ᴼς ὖὦὛὕ ί ςὌὕὰ  Ὁᶼ ρȢφω ὠ

ὖὦὛὕ ί ς Ὄ ὥή ς Ὡ ᴼὖὦί ὌὛὕ ὥή   Ὁᶼ πȢσυ ὠ

        

ὖὦὕ ί ὖὦί ςὌὛὕ ὥήO ς ὖὦὛὕ ί ς Ὄὕὰ   Ὁᶼ ςȢπτ ὠ



Nernst Equation
Recall, ɝὋ ɝὋ ὙὝÌÎὗ and  ɝὋ ὲὊὉ

So,

ὲὊὉ ὲὊὉ ὙὝÌÎὗ

By dividing by -nF, we get

% %
24

Î&
ÌÎ1

 

At room temperature  and converting ln to log, we get

% %
πȢπυωρφ

Î
ÌÏÇ1



Car Batteries: Non-standard Conditions

Calculate the voltage produced if the 

concentrations are changed and the reaction 

quotient Q = 1 x 103  on a hot summer day at 

38oC.

ὖὦὕ ί ὌὛὕ ὥή ςὌ ὥή ς Ὡ ᴼς ὖὦὛὕ ί ςὌὕὰ  Ὁᶼ ρȢφω ὠ

ὖὦὛὕ ί ς Ὄ ὥή ς Ὡ ᴼὖὦί ὌὛὕ ὥή   Ὁᶼ πȢσυ ὠ

        

ὖὦὕ ί ὖὦί ςὌὛὕ ὥήO ς ὖὦὛὕ ί ς Ὄὕὰ   Ὁᶼ ςȢπτ ὠ

% %
24

Î&
ÌÎ1



How to shrink down to small battery?

ὖὦὕ ί ὌὛὕ ὥή ςὌ ὥή ς Ὡ ᴼς ὖὦὛὕ ί ςὌὕὰ Ὁᶼ ρȢφω ὠ
ὖὦὛὕ ί ς Ὄ ὥή ς Ὡ ᴼὖὦί ὌὛὕ ὥή   Ὁᶼ πȢσυ ὠ
        
       .                        /

ὖὦὕ ί ὖὦί ςὌὛὕ ᴼς ὖὦὛὕ ί ς Ὄὕὰ    Ὁᶼ ςȢπτ ὠ

Same solution at the 

cathode, anode, and for 

salt bridge!

This solution must 

conduct electricity and 

must allow molecules to 

diffuse (move) easily.

This is called an 

electrolyte.



State-of-Art Battery: Li-ion

What things can be improved?



Layered Structures of Anode & Cathode



Li-ion Batteries: Flammable, Toxic

Short-circuits & gets really hot!



What things can be improved?
Á Electrolyte

ÁAqueous solutions 

ÁNon-aqueous solutions 

ÁSolid-state electrolytes

Á Binder 

ÁBinder-free

Á Valency of the Ion

ÁMaterials: Anode/Cathode

ÁExpansion

ÁSEI Layer

Á Size



Research: Electrolyte
ÁAqueous solutions (water: 1.23 V, non-

toxic, non-flammable)

ÁNon-aqueous solutions (current: 4V, toxic, 

flammable)

ÁSolid-state electrolytes



Research: Different Ions
ÁSingle-valent: 

ÁLi Ą Li+ + e-

ÁMultivalent: 

ÁMg Ą Mg2+ + 2e-

ÁAl Ą Al3+ + 3e-

Higher Energy Density

é.but larger radius!

Pillaring:

Carbon, vol 120, (2017) 145-156.

https://www.sciencedirect.com/science/journal/00086223
https://www.sciencedirect.com/science/journal/00086223/120/supp/C


Materials: Anode/Cathode

Electrides: Ca2N

Ca2N
+

e-
Ca2N

+

e-

Ca2N
+

e-

J. Am. Chem. Soc.2016, 138, 49, 
16089ҭ16094



2D Materials to Address Li Battery Challenges

ACS Nano2020, 14, 3, 2628ҭ2658
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ACS Heroes of Chemistry (2022)
ñéindustrial chemical 
scientists whose work has led 
to the development of 
successful commercialized 
products ingrained with 
chemistry for the benefit of 
humankind.ɉ


