Handout for Exam #4/ CHM112

© 2006, Dr. Miroslav Rezac,


CHM-112: Handout for Exam 4 - Dr. Miroslav Rezac
TYPES OF CHEMICAL REACTIONS

Reactions can be formally subdivided into four types. For a given reaction, be able to recognize which type it belongs to: 

1) Combination

This reaction is characterized by more than 1 reactant and only one product. 
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2) Decomposition
Reaction characterized by only one reactant and more than one product
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3) Single replacement
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4) Double replacement
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COLLISION THEORY OF CHEMICAL REACTIONS

For any two reactants to give a product, their molecules have to come very close to each other. Essentially, they have to collide, so that orbitals can merge and create bonds. This idea is depicted below for reaction of carbon monoxide with oxygen (happens at a very high temperature and so oxygen will react as single atoms. 
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As shown, orbital on carbon and orbital on oxygen atom have to merge to form the double bond C=O. However, not every impact will be productive. As shown at the bottom part of the picture, unless the CO and O bang into each other at an optimal orientation, the two orbitals will not have change to merge, and the two particles will collide and fly away, just like two colliding basketballs would. 

This illustrates the first requirement: Proper orientation
The second requirement to be fulfilled for a bond formation to occur is that the colliding particles must have certain combined minimum energy, activation energy, EA. This is due to the way the bonds are formed. 

Where does this energy come from? The kinetic energy of the thermal motion. Look at the picture below. It shows energy “distribution” (number of molecules flying at a given energy). You see that the fraction of molecules, which do have at least EA, is much higher as the temperature grows. This explains why reactions occur faster at a higher temperature. 
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Summary Collision theory imposes the following:

· Reactions can only occur by molecular collisions

· For a collision to be “productive” the two particles must have certain orientation

· For a collision to be “productive” the two particles must have a certain minimum energy (activation energy)

· The fraction of particles possessing at least activation energy increases with temperature. 

HEAT IN CHEMICAL CHANGES

The textbook’s chapter 9.5 explains the topic in clear terms and proper extent. 

The amount of heat can be included in a chemical reaction as a reactant or product. Reaction heat is the heat released by reaction. If heat is shown as a product, the reaction heat is positive, if heat is shown as a reactant, the reaction heat is negative!
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Know that:

· Exothermic reaction releases heat, endothermic reaction absorbs heat

· Be able to determine reaction heat from equations such as the two above – essentially, know when the reaction heat is negative, when it is positive…

· Amount of heat energy as reactant = reaction is endothermic

· Amount of heat energy included as product = reaction is exothermic

· Be able to recognize graphs for exothermic and endothermic reactions

· Be able to mark in those graphs what is activation energy, what is reaction heat
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THERMODYNAMICS

Thermodynamics is THE science studying energy. We’ll cover only few basic things. 

Most important lessons: 

· Heat energy always moves from a warmer object onto a colder one – this makes sense, since a cup of hot tea cools down by giving away heat energy to the air; if this was not true a glass of cold water could start boiling by stealing heat energy from room temperature air 

· Process is likely when it releases energy and maximizes disorder
As to the latter requirement… The more energy you lose during a process, the more likely the process is to happen. The more energy you must put in, the less likely it is:

Gasoline reacts with oxygen (burns) giving off huge amount of heat and producing water and carbon dioxide. Due to the energy release, the reaction is very advantageous: 
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For this reaction to go backward (water + oxide to give gasoline), you would need to return the huge amount of energy. In other words, it ain’t going to happen – otherwise you would have gasoline in your seltzer water, since that is carbon dioxide and water!!!

Now what is that “disorder” mumbo-jumbo? Think about this… You throw a cube of sugar into water. The molecules of sugar are neatly packed in the crystals, highly organized. While they dissolve, no heat energy is released. So what makes the process advantageous for the molecules? From an organized crystal they will end up in total chaos, freely roaming throughout the solution… It is this increase in disorder “driving” the dissolving process...

Sometimes the minimization of energy and maximization of disorder work in opposite directions. In this case, Nature strikes a compromise…  The true measure of feasibility of any process is decrease of Gibbs energy, which combines both heat energy and disorder:

G = heat energy – T*entropy

where T is temperature in Kelvin and “entropy” is a fancy name for disorder. An example of a process where energy and entropy work “against” each other is dissolving of ammonium chloride – energy is absorbed (bad) but disorder grows so much it more than compensates for the energy penalty. 
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REACTION RATES

Rate of reaction is defined as a change of concentration of a reactant happening in 1s: 

Rate = c/t

For example for the reaction below: 
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Your starting concentration of iodine is 0.125 mol/L and 30 seconds after the start of the reaction the concentration drops to 0.110 mol/L. What is reaction rate? 

Answer: 

c = 0.125 – 0.110 = 0.015 mol/L

t = 30 s

rate = c/t = 0.015/30 = 0.0002 mol.L-1s-1
The unit for reaction rate is shown in bold. 

Factors influencing reaction rates

Temperature: The higher the T, the higher the fraction of molecules which have enough energy to “climb over” the activation energy barrier (see the reaction profiles above). 

Concentration of reactants: Obviously, the more molecules are packed into a space, the more likely they are to collide and undergo reaction. The reaction rate depends on concentration in the following fashion: 
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v = k* [I2]*[Fe2+]2 

v: reaction rate

The [ ] means that you have the concentration of the species in mol/L: for example, [I2] = 0.125 mol/L (it’s a trick so that you know concentration of what you plug in…). The “k” is called a rate constant; it is different for every reaction. For the same reaction, it depends on temperature. 

Note that the coefficient for iron in the above chemical equation became the exponent in the rate equation!

Another example: 


[image: image12.wmf]2

H

2

 

 

 

 

+

 

 

 

 

 

 

 

 

O

2

2

H

2

O


v = k*[H2]2*[O2]

Presence of catalyst

Catalyst is a substance which does not get consumed in the reaction, nonetheless it decreases the activation energy of a particular reaction, and therefore increases reaction rate. 

Example

Solution of hydrogen peroxide can be stored indefinitely. Yet, when touching blood of the wound to be cleaned H2O2 foams vigrously as oxygen is produced. Blood contains a substance acting as a catalyst for the reaction shown below. Also shown is a generalized reaction profile showing the effect of a catalyst onto a reaction. 
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EQUILIBRIUm

Let us consider the following reaction: 
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Its rate can be expressed   
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Now, to be honest, when you buy the products of the above reaction and mix them, the following reaction will proceed, and its rate will be
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Upon close examination, reaction B is the reverse of reaction A. Now watch what will happen if you mix sulfur dioxide and nitrogen dioxide (reaction A). The reaction will star at a certain rate. As time goes, the amount of the reactants decreases and the amount of products increases. The products, sulfur trioxide and nitric oxide, are reactants in reaction B. Such reactions are called reversible and A and B can be combined: 
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As their concentration of products grow, the rate of reaction B increases. For review, rate of A goes down, rate of B increases from 0 up. At a certain point the rates of these reactions will be equal. Net result: any amount of products produced will be offset by conversion of the same amount back to reactants… Net result: no further change of the amount of reactants or products. We say that the system reached equilibrium.  

Let us have a look at what happens when the two rates “equalize”. Using the above rate equations and separating constants and concentrations on different sides we get: 
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The bottom-most expression combines both rate constants into a new constant, called the equilibrium constant. 
Equilibrium constant for any reaction is equal to a big fraction: on top are concentration of all products, raised to the power corresponding to their respective stoichiometric coefficients, and multiplied with each other. On the bottom is an analogous expression for reactants. Following examples will probably be more useful than 1000 words (. 
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And so forth…

Value of equilibrium constant can be used to predict “completeness” of a reaction. If K is 

· much larger than 1   => equilibrium favors products

· around 1                   => both reactants and products

· much smaller than 1 => equilibrium favors reactants
LE CHATELIER PRINCIPLE

Le Chatelier principle states that any stress imposed on a system in equilibrium results in a ferocious response counteracting the stress. 

· Addition of reactant will “push” the equilibrium towards products (more products formed)

· Addition of product will “push” the equilibrium towards reactants (more reactants produced

· Removal of product (e.g. escaping gas) will “push” the equilibrium towards products (more products formed)

· Removal of reactant will “push” the equilibrium towards reactants (more reactants produced

Heat energy can be treated as a reactant or product. Since raising temperature makes more heat energy available, and vice versa, the following may be expected

· Raising temperature will push equilibrium towards products for endothermic reaction

· Raising temperature will push equilibrium towards reactants for exothermic  reaction

· Lowering temperature will push equilibrium towards reactants for endothermic  reaction
· Lowering temperature will push equilibrium towards products for exothermic reaction

ACIDS AND BASES

Arrhenius theory: 

· acid is a substance which, upon dissolving in water, produces protons (H+)

· base is a substance which, upon dissolving, will produce hydroxide anion (HO-)

Acids in pure state are not ionic compounds, ions are produced by dissolving. Since acids must produce proton, their molecule must contain at least one atom of hydrogen. 

Bases, on the other hand, are ionic compounds. 
Bronsted-Lowry theory

· acid is a donor of proton

· base is an acceptor of a proton

In Bronsted-Lowry theory acids and bases play proton ping-pong, since proton is not “allowed” to exist free. Substance behaves as acid only in presence of a base, and vice versa. 

The catch is who is the base…. Any particle having a lone electron pair can act as a base, but not all bases were created equal…
In solution of acid, the acid passes proton onto water, forming hydronium ion (this is precisely what Arrhenius thought was H+!)
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When acid reacts with a "real" base, reaction is the same, only the “base” is better…
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When you look at the above reactions carefully, you may notice that each contains two pairs; species in either pair differ only by one proton. These “pairs” are called conjugate pairs. The proton-richer particle is called a conjugate acid, the proton-poorer particle a conjugate base. 
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PROTICITY

Proticity is a number telling how many total protons an acid can transfer onto a base. Consider for example sulfuric acid. It can transfer one proton on water. However, the resulting hydrogensulfate anion, despite being a conjugate base buddy of sulfuric acid, can still lose a proton in a second step!! Thus, altogether, sulfuric acid can lose two protons and we call it a diprotic acid.  Hydrochloric acid, on the other hand, can lose only one proton, and is called a monoprotic acid. 
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Strength of acids and bases

Strong acid, when added to water, will completely transfer proton onto water. In other words, adding 1 mol of strong, monoprotic acid, to 1L of water, will yield 1M solution of H3O+. 

Weak acid, on the other hand, will transfer only a small fraction of its protons onto water. For example, adding 1 mole of acetic acid to 1L of water will cause only about 1 in 100 molecules to lose their protons… Thus, you’ll get about 0.01M solution of H3O+, same amount for acetate anion and 1M-0.01M solution of remaining acetic acid…

SELF-IONIZATION OF WATER
Water is one of the substances, which can act both as a base, and as an acid. Granted, in either role water is pretty lousy, but nonetheless…
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In pure water, the concentration of hydroxide must be the same as the concentration of hydronium. The “equilibrium constant” (you see, that something is missing, but that’s on purpose!) is called ionic product of water and is defined as 
Kw = [HO-]*[H3O+] = 10-14
All aqueous solutions obey the ionic product. Thus, the higher the concentration of hydronium, the lower concentration of hydroxide, and vice versa… (just like “Boyle law” for concentrations…). 

The concentration of hydronium has a special meaning and defines acidity of a solution: 

[H3O+] > 10-7 

acidic

[H3O+] = 10-7 

neutral

[H3O+] < 10-7 

basic
Thus, acidic solution is the one where hydronium concentration is higher than in pure water. Basic solution has lower concentration of hydronium than pure water. As you can see, the exponents are annoying. Thus, to make life simpler, people defined value called pH as the exponent of the hydronium concentration, without the minus!
[H3O+] = 10-2 

pH = 2

acidic
[H3O+] = 10-7 

pH = 7

neutral
[H3O+] < 10-12 
pH = 12
basic

IONIZATION CONSTANT

Since each acid has its conjugate base and vice versa, to keep things simple, we well deal only with the acid part. When an acid reacts with water, equilibrium is reached: 

[image: image26.wmf]H

O

H

H

C

l

+

H

O

H

H

C

l

 

 

 

 

 

 

 

 

+

h

y

d

r

o

n

i

u

m


Such equilibrium can be described by equilibrium constant. Since we deal with an acid and produce ions, we call it ionization constant. Since water is everywhere and it is your solvent, you can “forget” about it ;-). Since these KA values will be usually small, and we hate exponents, people came up with similar system like for pH. We introduce pKA = – log KA and everyone’s happy. 
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THE SMALLER THE pKA, THE STRONGER THE ACID!!!

Even for bases you often find pKA: people abuse the fact that each base has a conjugate-acid-buddy and so the pKA for a base is actually pKA for its conjugate acid. 
Neutralization

The most notable example of double replacement reactions is neutralization, a reaction between acids and bases (for our purposes, base is a compound containing a hydroxide ion). During neutralization, a salt and water are produced. 
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Each H from an acid reacts with one OH of the base to give 1 molecule of water. Whatever is left will “make up” the salt. 
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In more complicated cases the neutralization can be balanced the same way as any other equation would:
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The so-called “salt hydrolysis” is nothing else than the anion of a salt acting as a base forcing water to be an acid. Obviously, the anion needs to be pretty basic, as hydroxide is the product of the reaction: 
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Now, since “the more hydroxide, the less hydronium”, does it make sense that such a solution becomes basic? 

BUFFERS

Buffer is a solution with the ability to maintain constant pH. When solution is buffered, addition of small amounts of HCl or NaOH will change pH only slightly. 

The following will illustrate the “power” of buffers. Consider, how would pH change upon addition of HCl or NaOH to 1L of: 

	action
	water
	buffer (“0.2M phosphate buffer”)

	none
	pH =7.0
	pH = 7.2

	add 0.01mole of HCl (=0.4g)
	pH = 2.0
	pH = 7.1

	add 0.01mole of NaOH (=0.4g)
	pH = 12.0
	pH = 7.3


You see what a difference a bit of buffer does? Note that the HCl or NaOH added are 5% of the overall amount of the buffer! Awesome buffer power, right? 

Chemically, buffer is a mixture of a weak acid and its conjugate base. The “operating pH range” of a buffer is its pKA± 1 pH unit. For example, if the pKA of acetic acid is 4.75, buffer formed by mixing acetic acid and sodium acetate (acetate is a conjugate base to acetic acid) we can make buffer operating at pH = 3.75 – 5.75. Mixing ammonia with ammonium chloride (pKA = 9.5) we can get buffer with useful range of pH = 8.5 - 10.5. 
Since life as we know it needs a constant pH, living organisms go into great lengths to use buffer systems to maintain constant pH of blood or cellular fluid. 
Henderson-Hasselbach equation

Henderson-Hasselbach equation describes the dependence of pH on the ratio of conjugate base to conjugate acid present in the buffer. The ± 1pH unit range (see above) corresponds to 1:10 -10:1 ratio of the conjugate base and conjugate acid. 
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Henderson – Hasselbach Equation

pH = 

pK

A

 + 

log

[

conjugate base

]

[

conjugate acid

]


There are two ways of making a buffer. In the first, appropriate amounts of conjugate acid and base are mixed. In the second, only one member of the conjugate pair is used to begin with and certain percentage of it is converted to the other form by adding HCl or NaOH.  For example, you would make 1M solution of ammonia and add calculated amount of HCl, so that you would get final solution with 0.6M NH3 and 0.4M NH4+ (or any other ratio…). Alternatively, you may start with NH4+ and convert part of it into NH3 by adding NaOH…
Last but not least… If your compound is a weak acid or weak base, its charge will depend on pH. As a rule of thumb, any acid/base compound will be "completely" present as its conjugate acid at pH< pKA-2, and "completely" present as its conjugate base at pH>pKA+2. Within this interval you find mixture of both (various ratio depending on pH  – see Henderson-Hasselbach equation). This consideration is especially important in biochemistry of amino acids. 
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TITRATION

I explain titration for a sample of acid.   

Titration determines unknown amount of acid by adding measured volume of a solution of base of known concentration. As you keep adding the base to your sample, the pH is increasing – remember base is consuming H3O+!

You added tiny amount of a compound, whose color changes depending on pH. The change occurs at a specific pH: compounds with transition pH of 4-10 (pH = 7±3) are routinely used. When a pH within this range is reached, the amount of base added is essentially equal to the amount of acid in the sample – solution got “neutralized”. 

Now, since you follow what volume of base you added, you can calculate the number of moles by applying equation 

n = c * V

Where n is the number of moles, c is concentration in mol/L and V is volume in Liters. Since this number of moles is the same as number of moles in your sample, you can calculate how many grams of acid were present in your unknown sample!

RADIOACTIVITY
Radioactivity was discussed at the beginning of the course. Just as a short review, radioactivity is a radiation emitted from a nucleus of an atom. In discussing radioactivity, the term nuclide comes handy. 

Nuclide is an atom of an element with specific number of protons and neutrons. Know what is the name for two nuclides with the same number of protons? Isotopes! 
There are three types of high-energy radiation:

· Alpha: 
a particle consisting of two protons and two neutrons
· Beta:
high-energy electron (shot out of nucleus!)

· Gamma:
electromagnetic radiation just like X-ray
In an attempt to reach stability, radioactive nucleus can eject part of its building blocks as alpha or beta particles. 
Half-life is used to describe stability of a nuclide. It is the time in which 50% of the sample undergoes radioactive decay. 

Example: sample has half-life of 3 hours. What percentage of the original amount remains after 9 hours? 


Solution:

During the first three-hour period, the amount of nuclide will drop to ½. In the second three-hour period, this decreased amount will shrink to its ½: Thus we have ½* ½ = ¼ of the original amount. This amount will further decrease to its ½ within the remaining three-hour period, leaving ½ * ½ * ½ = 1/8 of original amount. The final answer just converts 1/8 into percent: 12.5% left. 
Rule: in n half-lives, the original amount will drop down to 1/2n. 
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Effect of radiation: 
The energy of radioactive radiation is such that upon colliding with an atom, electron may be “kicked out” from one of the orbitals, flying away at high speed. Neutral atom thus becomes ion. 
If this happens inside a cell, proteins, DNA and RNA can be literally shredded. Different types of radiation differ in their biological effects. 

Alpha radiation is massive and slow, thus cannot penetrate outer layers of skin or sheet of paper. However, when ingested and positioned inside cells, its effects will be the worst.

Beta radiation: Has much more penetrating power, gets “deep inside” and can cause damage even without ingestion. Beta particles are absorbed by 1cm thick aluminum. 

Gamma radiation: Penetrate deeply. Nothing will stop them – 5cm lead will only weaken their intensity. 
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                                                                            Henderson – Hasselbach Equation 
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