Chapter 6 - THE STATES OF MATTER

Chapter Outline:

· The Kinetic Molecular Theory pf Matter;

· The Solid, Liquid, and the Gaseous States;

· The Properties of Gases and Gas Laws;

· The Ideal Gas Equation;

· Dalton's Law;

· Graham's Law;

· Changes of State;

· Vapor Pressure and Boiling Point and Vapor Pressure;

· Energy Associated with Changes of States;

The Kinetic Molecular Theory of Matter

The postulates of the KMT:

1. Matter is composed of tiny particles (atoms, molecules or ions).

2. These particles are in constant, random motion and possess kinetic energy.

3. The particles also have potential energy due to intermolecular attractions.

4. The average kinetic energy increases as the temperature increases.

5. Energy is transferred from one particle to another during collisions, but at constant temperature the total energy of the system is constant.

Kinetic energy is energy associated with motion;  KE = ½mv2. If two particles of different masses are moving at the same speed, the heavier particle will have higher kinetic energy. Similarly, for particles of the same mass moving at the different speeds, the faster one will possess the greater kinetic energy.

Potential energy results from attractions of particles for each other. That is, particles under the influence of gravitational or electrical forces possess potential energy. Atoms in molecules possess potential energy because they are attracted to each other. Potential energy leads to cohesive forces in matters, which bring particles together, forming liquids and solids. Kinetic energy leads to disruptive forces in matters, which causes molecules to scatter and form gases.  

The state of a substance depends on the relative strength of the cohesive forces (potential energy) that hold particles together and the disruptive forces (kinetic energy) that tends to scatter them. Potential energy depends on molecular size and structures and is inherent properties of the molecules; they are independent of temperature. Whereas kinetic energy is temperature dependent (molecules move faster at higher temperature). Thus, temperature plays such an important role in determining the state of matter.

States of Matter:  Solids, liquids, and gases

Solids have fixed shapes and volumes because particles occupy a fixed position in the crystal lattice. Strong cohesive forces keep particles (molecules, atoms, or ions) in place, with little void spaces, resulting in very low compressibility and thermal expansion. Solids have high density that varies very little with temperature.

In liquids, cohesive forces are slightly stronger than disruptive forces. Particles are loosely packed, allowing some degree of freedom for translational motion, sliding freely over one another, thus, making liquids fluid. Like solids, liquids have very low compressibility and thermal expansion; their densities vary only slightly with temperature.

By contrast, particles in gases have kinetic energy that dominates over the potential energy. Particles have total freedom of motion that is independent of each other. Particles are separated by distances much larger than their size. Their kinetic energy and speed also increases with temperature. As a result, gases occupy very large volumes that are highly compressible and also expands when temperature is increased. Gases have very low density, which is highly dependent on the temperature and pressure. 

Units of Pressure


Gas particles are constantly colliding against the walls of the container or surfaces surrounding it, which results in gas pressure. Atmospheric pressure results from molecular collisions of atmospheric gases (mainly N2 and O2) on the Earth’s surface. It is measured with a barometer, while gas pressure in a container may be measured with a manometer or pressure gauge. 

Units for pressure: atm, mmHg, torr, psi, Pa, or kPa. 

Pressure conversion: 1.000 atm = 760.0 mmHg = 760.0 torr = 14.70 psi = 1.013 x 105 Pa = 101.3 kPa.  (1 torr = 1 mmHg)

Exercise-1:

1.
A bicycle tire is inflated to 65.0 psi.  Express this pressure in atm, torr, and kPa, respectively?

2.
The pressure inside an aerosol spray-can is 2.5 atm.  Express this pressure in mmHg, kPa, and psi, respectively?

__________________________________________________________________________

GAS LAWS

These are statements or mathematical expressions that summarize universal behaviors of gases in relation to their pressure, volume, temperature, and the quantity in moles.

1.  Boyle's Law: Pressure-Volume Relationship;

For a fixed amount of gas at constant temperature, the volume of a gas is inversely proportional to its pressure.


   V = a constant (at constant T);   (   PV = a constant;

P1V1 = P2V2


     P

Exercise-2:

1.
A 10.0-L gas initially has a pressure of 570 torr at a certain temperature. When the gas is compressed to 1.60 L at constant temperature, what is the new pressure?

2.
At a certain temperature a gas has a volume of 11.2 L at 681 torr. What is its volume at 2.24 atm? Temperature remains constant.

3.
An air bubble is formed under water at a depth where the pressure is 2.2 atm. If the initial size of the bubble is 1.5 mL, what is its volume when it reaches the surface where the pressure is 1.0 atm?

___________________________________________________________________________

2. Charles's Law:  

a) Volume-Temperature Relationships;

For a fixed amount of gas at constant pressure, gas volume is directly proportional to the temperature in Kelvin (K).


V = a constant x T; (at constant P);

Then,  V/T  =  a constant;
and 
V1/T1 =  V2/T2 ;  OR   T1/V1 =  T2/V2

V2 =  V1 x (T2/T1);
T2 =  T1 x (V2/V1);
(temperature is in Kelvin)

b)  Pressure-Temperature Relationships:

For a fixed amount of gas at constant volume, the gas pressure is directly proportional to the temperature in Kelvin. That is,


P = a constant x T; (at constant volume);

Then,  P1/T1 =  P2/T2;  and  P2 =  P1 x (T2/T1);

OR,     T1/P1 =  T2/P2;  and  T2 =  T1 x (P2/P1);

Exercise-3:

1.
A sample of gas at 15 oC and 1 atm has a volume of 2.58 L.  If the temperature is increased to 37 oC at constant pressure, what is the new volume of the gas?

2.
The pressure inside an empty aerosol spray-can is approximately 1.0 atm at 20.0 oC.  What would be the pressure inside the can if it is placed in an oven and the temperature increases to 200.oC?

___________________________________________________________________________

3.  Combined Gas Law & Ideal Gas Equation  

Combining Boyle's and Charles's laws, we obtained the mathematical expression:  


PV/T = a constant;
(  P1V1  =   P2V2 ;





      T1

  T2


V2 =   P1V1 x  T2;

P2 =  P1V1 x  T2;
T2 =    T1 x  P2V2;



  T1
   P2


 T1      V2


P1V1



Exercise-4:

1.
A sample of nitrogen gas has a volume of 25 L at 25oC and 1.00 atm.  What is its volume at 0.0oC and 570 torr?

2.
A weather balloon filled with He gas has a volume of 2.7 x 106 L at 1.00 atm and 20.0oC.  When released into the air and reaches a certain height where the pressure is 305 mmHg, the balloon expands to 5.9 x 106 L. What is the temperature (in oC) at that height? 

__________________________________________________________________________

4. Avogadro's Law:  Volume-Mole relationship;

Avogadro's Law states that, at constant temperature and pressure, the volume of a gas is directly proportional to the number of moles of gas.


V/n = a constant (at constant T and P);  (  V1/n1 = V2/n2;



V2 = V1 x (n2/n1);
or  n2 = n1 x (V2/V1)

When gases react at constant temperature and pressure, their volumes are related to each other by simple whole number ratios. For example, in the reaction:



N2(g) +  3 H2(g)  (  2 NH3(g),

it is found that, at constant temperature and pressure, one volume of N2 will react with 3 volumes of H2 to form 2 volumes of NH3.  From observations of reactions involving gases, Avogadro concluded that, at constant temperature and pressure, equal volumes of gases contain the same number of molecules and, hence, the same number of moles. 

Combining the three gas laws yields the ideal gas equation:  PV = nRT,  

R = 0.08206 L.atm/mol.K  is the universal gas constant.

Standard Temperature and Pressure (or STP) is a condition where P = 1 atm and T = 273 K (0oC). Under this condition, 1.000 mole of ideal gas has a volume of 22.4 L, which is also called the molar volume of ideal gas at STP.

Exercise-5:

1.
If the molar volume of ideal gas is 22.4 L at STP, what is the molar volume of the gas at 25 oC and 1 atm? How many grams of nitrogen gas are present in a 65.0-L gas cylinder at 25oC and 1 atm pressure?

2.
A gas cylinder contains a mixture of 78.0 g N2 and 22.0 g O2. If the total pressure is 1.00 atm at 25oC, what is the volume of the cylinder?  (R = 0.08206 L.atm/mol.K) 

__________________________________________________________________________

Dalton's Law of Partial Pressures (for non-reacting gas mixture)

Dalton's Law states that, the total pressure of a gas mixture  is the sum of the partial pressures of  individual gases .


Ptotal = P1 + P2 + P3 + .. = Pi  (i = 1, 2, 3, …)

Partial pressure is the pressure due to a constituent gas in a gaseous mixture.  It is proportional to the molar quantity of that gas. 

Assuming ideal behavior,  Pi = niRT/V;

Ptotal = Pi =  (niRT/V)  =  (ni)(RT/V)  = (ntotal)(RT/V)

At a given temperature and volume, the total pressure of a gaseous mixture depends only on the total number of moles of gases. It is independent of the type of gases that are present.


When a gas is collected over water, it is always saturated with water vapor. The total pressure is the sum of gas pressure and water vapor pressure; the latter can be obtained from the vapor pressure table for water.  Thus,  


Pgas = Ptotal - Pwater
Exercise-6

1.
33.0 liters of O2 and 67.0 liters of N2 gases, both at 25 oC and 1.0 atm pressure, were simultaneously pumped into a 16.0-L gas tank at constant temperature. Calculate the partial pressure of each gas and the total gas pressure in the tank.

2.
Hydrogen gas can be prepared in the laboratory by the following reaction, in which the gas is collected over water.




Mg(s)  +  2 HCl(aq)  (  MgCl2(aq)  +  H2(g)

If 88.0 mL of H2 gas is collected at 22oC and the total gas pressure in 755 mmHg, how many moles of hydrogen was collected?  How many grams of magnesium were reacted? (The vapor pressure of water at 22 oC is 20 torr.)  

3.
The following reaction produces nitrogen gas that helps to inflate the automobile safety airbag when a car is involved in a crash. 




2 NaN3(s)  (  2 Na(s)  +  3 N2(g)

How many grams of NaN3 (called sodium azide) are required to produce enough nitrogen gas to fully inflate a 55.0-L airbag with a pressure of 810 torr at 25oC. The molar mass of NaN3 is 65.02 g/mol. (R = 0.08206 L.atm/mol.K)

__________________________________________________________________________

Graham's Law

Graham's law of gas effusion shows that the ratio:


(The effusion or diffusion rate of gas A)  =  √(molecular mass of gas B)

(The effusion or diffusion rate of gas B)
   √(molecular mass of gas A)

Exercise-7:

1.
Which gas will effuse faster under the same temperature and pressure, and what are the ratios of their effusion rates? (a) H2 or O2;(b) NH3 or HCl; (c) NO2 or SO2? 

2.
Under a certain temperature and pressure, nitrogen gas effuses through a valve at a rate of 4.5 x 10-2 mol/s. Determine the effusion rate for hydrogen gas through the same valve under the same conditions. (Answer: 0.17 mol/s)

__________________________________________________________________________

Energy and State of Matter


A pure substance in the gaseous state contains more energy than in the liquid state, which in turn contains more energy than in the solid state. Particles has the highest kinetic energy when they are in the gaseous state. Kinetic energy is related to heat (also called thermal energy). Raising the temperature results in an increase of its kinetic energy. 

Calculation of Heat Absorbed (or Lost) by a Substance


When a substance in the same state absorbs heat, its temperature increases. The amount of heat absorbed is proportional to the amount of the substance and the increase in temperature. The amount of heat needed to raise the temperature of one gram of substance by 1oC is called the specific heat of that substance. The specific heat of water is 1.00 cal/g.oC (or 4.18 J/g.oC). The amount of heat, q, absorbed by a given mass (m) of substance with specific heat, S, when its temperature increases by T is given by the following formula:

Q = m.S.T

For example, the amount of heat absorbed when 225 g of water is heated from 21 oC to 100 oC is,


Q = 225 g x (1.00 cal/g.oC) x 79oC = 1.78 x 104 cal = 17.8 kcal;

(Cooling the same amount of water from 100 oC to 21 oC releases the same amount of heat.)

__________________________________________________________________________

Changes of State


Ice + heat  ((((((>  Water  +  heat  (((((((>  Steam (Vapor)



        (Melting)


(Evaporation)


Steam - heat  (((((((>  Water  -  heat  (((((((>  Ice



          (condensation)


(freezing)


Solid + Heat  (((((((>  Vapor



  
(sublimation)

Melting, evaporation, and sublimation are all endothermic processes; while the reverse (condensation, freezing, and crystallization) are exothermic processes.

Heat of Fusion: Hfus = 6.02 kJ/mol (334 J/g or 80. cal/g)

1. When one gram of ice melts at 0oC, 80 cal. (334 J) of heat is absorbed. This amount of energy is needed to break some of the hydrogen bonds that hold water molecules firmly in the ice structure.  

2. When one grams of water freezes at 0oC, 80 cal. (334 J) of heat is given off. Heat is given off when hydrogen bonds are formed between water molecules.

Heat of Vaporization: Hvap = 40.6 kJ/mol (2.26 kJ/g  or  540 cal./g)

1. When one gram of water vaporizes at 100oC, 540 cal. (or 2.26 kJ) of heat is absorbed;  when one gram of steam condenses at 100oC, 540 cal. of heat is given off.

2. Evaporation requires energy to break all of the hydrogen bonds in water. More energy is needed to evaporate water than to melt ice.

3. When ice melts at 0oC, the temperature remains at 0oC until all of the ice has completely melted. 0oC is the equilibrium temperature for water and ice at 1 atm.

4. The freezing point (Tf) is the equilibrium temperature at which a solid changes to liquid, and vice versa, at constant pressure.

5. Water boils at 100oC, and this is the temperature at which water and steam is in equilibrium at 1 atm. 

Exercise-8:

1.
Calculate the amount of energy required to melt 5.00 ounces (142 g) of ice at 0 oC.  The heat of fusion for ice is 80. cal/g.

2.
How many kilocalories are released when 18.0 g of steam condenses at 100oC. The heat of vaporization of water is 540. cal/g.

3.
Calculate the total amount of energy in kilojoules that is required to convert 25.0 g of ice at -20.oC to steam at 100oC. Heat of fusion of ice = 334 J/g; specific heat of water = 4.184 J/g.oC; specific heat of ice = 2.0 J/g.oC, and the heat of vaporization = 2.26 kJ/g.

__________________________________________________________________________

Evaporation and Vapor Pressure.

· Liquid molecules with sufficient kinetic energy can vaporize from the liquid surface. If evaporation occurs in a closed container, the space above the liquid will eventually become saturated with vapor.  The saturation point is an equilibrium position where the rates of vaporization and condensation are equal – liquid and vapor are at equilibrium.

· The pressure exerted by saturated vapor is called vapor pressure, which increases exponentially with temperature. At any given temperature, the vapor pressure is dependent on the number of molecules in the vapor phase. 

· Liquids with weak intermolecular forces, which allows molecules to escape readily into the vapor phase, have high vapor pressure. Thus, volatile liquids are characterized by high vapor pressures. For example, at 25oC the vapor pressure of water is about 24 torr, whereas the vapor pressures of acetone and diethyl ether, which are more volatile than water, are about 230 torr and 540 torr, respectively. 

· Water is nonvolatile because of the strong hydrogen bonds (intermolecular attractive forces) that hold water molecules together in the liquid state. As a result, water has a low vapor pressure.   

Vapor Pressure and Boiling Points

· Liquids boil when their vapor pressures reach the external pressure.  The boiling point of a liquid is the temperature at which its vapor pressure is equal to 1.00 atm.   

· Volatile liquids have high vapor pressures and low boiling points.  For example, at 1 atm, diethyl ether boils at 36oC and acetone at 56oC. At their respective boiling points, the vapor pressure of liquids is equal to 760 torr (1 atm).

· Nonvolatile liquids have low vapor pressures and high boiling points.  For example, water boils at 100oC.

Exercise-9:

1.
Predict which substance in each pair below will exhibit the higher vapor pressure at a given temperature.  Explain your reasoning.


(a)  H2O or H2S

(b)  H2S or H2Te
(c)  C3H8 or C6H14

(d)  CH2Cl2 or CCl4
(e)  CH3CH2OH or CH3OCH3


2.
Predict which substance in each of the following pairs will exhibit the higher boiling point.


(a)  H2O or H2S

(b)  H2S or H2Te
(c)  C3H8 or C6H14

(d)  CH2Cl2 or CCl4
(d)  CH3CH2OH or CH3OCH3
___________________________________________________________________________
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