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Topic 13 ( Rates of Reaction

INTRODUCTION TO KINETICS


A. Chemical kinetics

Chemical kinetics is the area of chemistry concerned with the speeds or rates at which chemical reactions occur, how reaction rates change under varying conditions, and of what molecular events are occurring during the overall reaction


B. Importance of the study of chemical kinetics



1. Application to industrial processes



2. Application to everyday processes, such as food preservation

REACTION RATES


A. Description

Reaction rate, or how fast a reaction happens, is the change in the concentration of a reactant or a product with time.




B. Factors affecting reaction rate



1. The concentration of reactants




Reaction rates often increase when the concentration of a

reactant is increased.




2. The temperature at which the reaction occurs




Reaction rates often increase when the temperature of a

reaction is increased.



3. The presence of a catalyst

The rate of reaction for many reactions often increases when a catalyst is added.



4. The surface area of a solid or liquid reactant or catalyst

Reaction rates increase when the surface area of the solid or liquid reactant increases, or when the surface area of a heterogeneous catalyst increases. 


C. Definition



1. Verbal definition

The reaction rate is the change in molar concentration of reactants or products per unit time, the units are usually molarity per second (M/s).



2. Mathematical definition




for the reaction   A ( B




rate = ( 
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“0” is usually the start of the reaction and times are usually given in terms of that.


(t is the time interval between the measurements of concentration, where

(t = tfinal ( tinitial



[A], [B], etc. represents the molar concentration in mol/L




([A] represents the change in the

concentration of A between the beginning and the end of the time interval

([A] = [A]final  (  [A]initial
Because the rate of reaction must be positive and the concentration of A decreases during the time interval, the 

negative sign is needed because ([A] will be a negative quantity.

D. There are two approaches to describing reaction rate



1. Average rate




a. Similar to calculating average speed:

A dragster covers the quarter mile in 6.0 seconds so its average speed was 150 mi/hr.




b. Average rate does not take into account changes in speed 

    over the time being measured.

The dragster is constantly accelerating so its speed is constantly changing.



2. Instantaneous rate




a. This is similar to the speed at one exact moment of time.

b. This is the value on the speedometer when the driver 

    looks at it.


E. Graphical representation of reaction rate



1. Graphical representation of average reaction rate
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2. Graphical representation of instantaneous reaction rate
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F. Relating rate of disappearance of a reactant and rate of appearance of 

                 a product from the balanced equation


1. Approach



Interpret the balanced equation at the particle level, i.e.:




2 H2 + O2 ( 2 H2O

is interpreted as 2 molecules of H2 reacting with one molecule of O2  to form two molecules of H2O



2. Example




How is the rate of formation of H2O related to the rate of 

reaction of O2?

The rate of formation of H2O = 
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The rate of reaction of O2 = ( 
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For every two H2O formed, one O2 must react, therefore the rate of formation of H2O is twice the rate of reaction of O2.
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G. Determining the average reaction rate from concentration 

                 measurements at specific times


1. Procedure



a. Choose a pair of time/concentration values.



b. Determine (t and ([A] for that pair.



c. Calculate the rate of formation or reaction as appropriate.



2. Example




For the reaction of butyl chloride with water

C4H9Cl (l) + H2O (l) ( C4H9OH (aq) + HCl (aq)

calculate the average reaction rate using the following data:

	Time (s)
	[C4H9Cl] (M)

	100.
	0.0820

	300.
	0.0549





(t = tfinal ( tinitial 

    = 300. s ( 100. s

    = 200. s 



([C4H9Cl] = [C4H9Cl]final  (  [C4H9Cl]initial






   = (0.0549 M) ( (0.0820 M)






   = ( 0.0271 M





rate = ( 
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             = 1.355 x 10(4 M/s  

       = 1.36 x 10(4 M/s

DEPENDENCE OF REACTION RATE ON CONCENTRATION


A. Rate constant



1. Definition

A proportionality constant between the reaction rate and the concentrations of reactants that appears in the rate law



2. Symbol ( k
3. Characteristics




a. Has a fixed value for a specific reaction at a specific 

                temperature

b. That value changes with temperature

c. The units of the rate constant depend on the form of 

    the rate law


B. Rate law



1. Definition

An equation that relates the rate of reaction to the rate constant and  the concentrations of reactants (and catalyst) raised to various powers



2. Form




for a balanced equation of the form





aA + bB + cC ( dD + eE + fF




the rate law would have the form:





rate = k[A]m[B]n[C]p

Note the difference in the symbols for the coefficients in the balanced equation and the exponents in the rate law.

C. Reaction order



1. For a reactant (or catalyst)

a. Definition





The power to which the concentration of a reactant 

is raised in the rate law




b. Characteristics





(1) It is not simply the coefficient in front of that 

                 reactant in the balanced equation.

(2) It is frequently, but not always, an integer.

(3) It must be determined experimentally.

(4) Possible values for reactants or catalysts


(a) Zeroth order

Possible


(b) First and second order

Common


(c) Third order

Possible but rare




2. For a reaction 




a. Is called the “overall reaction order”




b. Definition





The overall reaction order to a reaction is the sum 

of the orders for the individual reactants in that

reaction



3. Examples




a. Give the reaction order with respect to each reactant and 

     give the overall reaction order for the reaction:





NH4+(aq) + NO2( (aq) ( N2 (g) + 2 H2O (l)




    

whose rate law is:  rate = k[NH4+][ NO2(]





The reaction is first order with respect to NH4+.




The reaction is first order with respect to NO2(.





The reaction is second order overall.




b. Give the reaction order with respect to each reactant and 

    give the overall reaction order for the reaction:





CHCl3 (g) + Cl2 (g) ( CCl4 (g) + HCl (g)




    

whose rate law is: rate = k[CHCl3][Cl2]1/2




The reaction is first order with respect to CHCl3.








The reaction is half order with respect to Cl2.





The reaction is one and one-half order overall.




c. Give the reaction order with respect to each reactant 

                or catalyst and give the overall reaction order for the 

                reaction:

CH3COCH3 (aq) + I2 (aq) 
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                    CH3COCH2I (aq) + HI (aq)



    

whose rate law is: rate = k[CH3COCH3][H+]





The reaction is first order with respect to 

CH3COCH3.




The reaction is zero order with respect to I2.





The reaction is first order with respect to H+.





The reaction is second order overall.


D. Determining the rate law from initial concentrations and initial rates



1. Procedure




a. Assume that the rate law has the form 





rate = k[A]m[B]n[C]p
 b. Solve algebraically

(1) Choose pairs of experiments in which the 

      concentrations of all but one of the reactants 

     (the reactant of interest) remains constant.

(2) Create a pair of equations by plugging data from 

      those experiments into the rate law form.

(3) Divide each appropriate pair of equations to 

      create an equation with ratios of rates on one

      side and ratios of the reactant on the other.

(4) Determine the exponent for that reactant.

(5) Continue with other pairs of equations until all 

      of the exponents have been determined.

(6) Write the rate law.

(7) Determine the value of “k” by substituting one 

     set of data into the rate law.



2. Examples




a. Use the following sets of data to determine the rate law 

                                         and the value of k for the reaction:

NH4+(aq) + NO2( (aq) ( N2 (g) + 2 H2O (l)

	initial

[NO2(] (mol/L)
	initial

[NH4+] (mol/L)
	initial 

rate (mol/L(s)

	0.0100
	0.200
	5.4 x 10(7

	0.0200
	0.200
	10.8 x 10(7

	
	
	

	0.200
	0.0202
	10.8 x 10(7

	0.200
	0.0404
	21.6 x 10(7


rate = k[NH4+]m[NO2(]n
(1) First, choose a pair of experiments so 

     that everything but rate and [NO2(] 

     will cancel.

	   10.8 x 10(7 mol/L(s = k(0.200 mol/L)m(0.0200 mol/L)n

	     5.4 x 10(7 mol/L(s = k(0.200 mol/L)m(0.0100 mol/L)n


	10.8 x 10(7 mol/L(s
	=
	(0.0200 mol/L)n

	5.4 x 10(7 mol/L(s
	
	(0.0100 mol/L)n


                                  2.0 = (2.00)n




 n = 1

The reaction is first order with respect to NO2(.

(2) Second, choose a pair of experiments so that everything

      but rate and [NH4+] will cancel.

	21.6 x 10(7 mol/L(s = k(0.0404 mol/L)m(0.200 mol/L)n

	10.8 x 10(7 mol/L(s = k(0.0202 mol/L)m(0.200 mol/L)n


	21.6 x 10(7 mol/L(s
	=
	(0.0404 mol/L)m

	10.8 x 10(7 mol/L(s
	
	(0.0202 mol/L)m


                2.00 = (2.00)m




        m = 1

The reaction is first order with respect to NH4+.

(3) Finding the value of k
rate = k[NH4+]m[NO2(]n

10.8 x 10(7 mol/L(s = k(0.200mol/L)1(0.0202mol/L)1

	k =
	10.8 x 10(7 mol/L(s

	
	(0.200mol/L)1(0.0202mol/L)1


	k =
	10.8 x 10(7
	mol

	
	
	L(s

	
	4.04 x 10(3
	mol2

	
	
	L2


	k =
	2.67 x 10(4
	L

	
	
	mol(s


CHANGES OF CONCENTRATION WITH TIME


A. The use for a rate law

A rate law tells how the rate of a reaction changes as the 

concentration of a reactant changes.


B. The use for a concentration-time law

1. A rate law can be converted into an equation that tells us what 

    the concentrations of the reactants or products is at any time 

    during the course of the reaction.

2. This involves the use of logarithms and calculus.


a. The student should review logarithms.

See your math text or the handout “Logarithm Rules”




b. The student will not be responsible for the calculus 

    involved.



3. A frequently used name for the concentration-time law is the 

                            integrated rate law since it is found by integrating (an operation 

                            in calculus) the rate law.


C. Concentration-time laws for first order and second order reactions



1. First order reactions:  concentration-time equation




a. Derivation of concentration-time equation





For A ( products  (rate = k[A] )

rate = ( 
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From the rate law we also know that:





rate = k[A]






Combining the two equations we get:





( 
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Using calculus we get





ln 
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Identification of terms 

ln = the natural logarithm 

{which is based on “e” (2.71828…)} 

       of the ratio 




[A]t = the concentration of A at time t



[A]0 = the concentration of A at time 0, 

which is the initial concentration of A




b. Examples of uses in problem solving





(1) The reaction cyclopropane ( propene in the gas 

      phase is a first order reaction with a rate 

      constant of 6.7 x 10(4 s(1 at 500( C.  If the initial 

     concentration of cyclopropane was 0.25 M what 

     would the concentration of cyclopropane be after 

     the reaction has proceeded for 528 seconds?

	Given
	Find

	[A]0 = [cyclopropane]0 

        = 0.25 M

k =  6.7 x 10(4 s(1

t = 528 s
	[A]t = [cyclopropane]528 = ?


	ln
	[A]t
	= ( kt    

	
	[A]0
	


	ln
	[A]t
	= ( (6.7 x 10-4 s-1)(528 s)

	
	0.25 M
	


	ln
	[A]t
	= ( 0.354

	
	0.25 M
	


	[A]t
	= e( 0.354

	0.25 M
	


	[A]t
	= 0.702

	0.25 M
	





     
                  [A]t = 0.175475 M

                        = 0.18 M





(2) Using the information given in “(1)”, how long 

      will it take to reduce the concentration of 

      cyclopropane to 0.15 M?

	Given
	Find

	[A]0 = [cyclopropane]0 = 0.25 M

[A]t = [cyclopropane]t = 0.15 M  

k =  6.7 x 10(4 s(1
	 t = ?


	ln
	[A]t
	= ( kt    

	
	[A]0
	


	ln
	0.15 M
	= ( (6.7 x 10(4 s(1) t

	
	0.25 M
	







  ( 0.511 = ( (6.7 x 10(4 s(1) t
	t =
	( 0.511

	
	( 6.7 x 10(4 s(1


 



   = 7.62686 x 102 s





   = 7.6 x 102 s




c. Half-life of a first order reaction





(1) Definition

The half life is the time needed for the concentration of a reactant to decrease to half of its initial value.





(2) Symbol – 
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(3) Derivation of the equation for half-life






by definition







when t = 
[image: image18.wmf]t

½ 


then   [A]t  = 
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(3) Examples of uses in problem solving






(a) At 700( C ethane (C2H6) decomposes to 

      methyl radicals (CH3() in a first order 

      reaction with a rate constant of 5.36 x 

      10(4 s(1. Calculate the half-life for this 

      reaction.

	Given
	Find

	k =   5.36 x 10(4 s(1
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	k


	
	=
	0.693147

	
	
	5.36 x 10(4 s(1


                          = 1.2931847 x 103 s

                          = 1.29 x 103 s






(b) The decomposition of N2O5 in carbon 

      tetrachloride is first order with respect to 

      N2O5, and at 45( C it has a measured 

      half-life of 19.00 minutes. What is the 

      rate constant for this reaction at this 

      temperature?

	Given
	Find
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             = 6.08023684 x 10(4 s(1







                    = 6.080 x 10(4 s(1





2. Second order reactions:  concentration-time equation




a. There are two types of a second order reaction

(1) A + B ( products ( rate = k[A][B] )

(a) Derivation of concentration-time 

      equation

The concentration-time equation and its derivation is too complicated for our use. 

(b) The equation is different for different 

       coefficients in the balanced equation.





(2)  A ( B ( rate = k[A]2 )




b. Derivation of concentration-time equation





for A ( products  ( rate = k[A]2 )

rate = ( 
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From the rate law we also know that:





rate = k[A]2





Combining the two equations we get:





( 
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Using calculus we get
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c. Examples of uses in problem solving





(1) The reaction of iodine atoms to form molecular 

      iodine in the gas phase: 

I (g) + I (g) ( I2 (g)

is a second order reaction with a rate constant

of  7.0 x 109 M(1s(1 at 23( C.  If the initial concentration of iodine was 0.086 M, calculate      

the concentration after 120. seconds.

	Given
	Find

	[A]0 = 0.086 M  

k = 7.0 x 109 M(1s(1
t = 120. s
	 [A]t = ?



[image: image37.wmf]1

A

t

 = kt  + 
[image: image38.wmf]1

0

A






[image: image39.wmf]1

A

t

 = (7.0 x 109 M(1s(1)(120. s) + 
[image: image40.wmf]1

0

086 M

.






[image: image41.wmf]1

A

t

 = (8.40 x 1011 M(1) + 
[image: image42.wmf]1

0

086 M

.






[image: image43.wmf]1

A

t

 = (8.40 x 1011 M(1)





[A]t = 
[image: image44.wmf]1

8

4

 x 10

 M

11

1

.

0

-

 




      = 1.190476 x 10(12 M

            




      = 1.2 x 10(12 M

d. Half-life of a second order reaction





(1) Derivation of the equation for half-life






By definition

when t = 
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[image: image46.wmf]A

t

1

2


	[A]t  
	=
	1
	[A]0
	=
	[A]0

	
	
	2
	
	
	2



[image: image47.wmf]1

A

t

 = kt  + 
[image: image48.wmf]1

A

0



[image: image49.wmf]1

A

t

 = k
[image: image50.wmf]t

½ 

+  
[image: image51.wmf]1

A

0







[image: image52.wmf]        1 

       

 

 

2

0

A

 = k
[image: image53.wmf]t

½ 

+ 
[image: image54.wmf]1

A

0







[image: image55.wmf][

]

[

]

÷

÷

÷

÷

ø

ö

ç

ç

ç

ç

è

æ

÷

ø

ö

ç

è

æ

2

1

2

0

0

A

A

=
[image: image56.wmf][

]

÷

ø

ö

ç

è

æ

2

0

A

 k
[image: image57.wmf]t

½ 

+
[image: image58.wmf][

]

[

]

÷

÷

ø

ö

ç

ç

è

æ

÷

ø

ö

ç

è

æ

0

0

1

2

A

A


     

       1 = 
[image: image59.wmf][

]

÷

ø

ö

ç

è

æ

2

0

A

 k
[image: image60.wmf]t

½ 

+  
[image: image61.wmf]2

1


        2 = [A]0 k
[image: image62.wmf]t

½ 

+   1

         1 = [A]0 k
[image: image63.wmf]t

½ 


      
[image: image64.wmf]t

½ 

=
[image: image65.wmf][

]

÷

÷

ø

ö

ç

ç

è

æ

k

1

0

A

 





(2) Example of use in problem solving

The reaction of iodine atoms to form molecular iodine in the gas phase: 

I (g) + I (g) ( I2 (g)

is a second order reaction with a rate constant of  7.0 x 109 M(1s(1 at 23( C.  Calculate the half-life if the initial concentration of I (g) is 0.60 M.

	Given
	Find

	k = 7.0 x 109 M(1s(1
[A]0 = 0.60 M
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	(0.60 M)(7.0 x 109 M(1s(1)


	     =
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	4.20 x 109 s(1





     =  2.380952 x 10(10 s




     =  2.4 x 10(10 s


D. Using graphing to determine the order of a reaction



1. An alternative to the approach of running multiple experiments 

    with varying initial concentrations



2. Approach




a. Assume a first order reaction and plot the data from 

    an experiment using the straight line form of the 

    concentration-time equation for a first order reaction.




b. Assume a second order reaction and plot the same data 

    using the straight line form of the concentration-time 

    equation for a second order reaction.




c. Continue if necessary for other orders.




d. Determine which graph gives the best fit.

We will use first and second order so that you should get a straight line fit with one assumption or the other.



3. First order assumption




a. Straight line equation





ln 
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ln [A]t  =     ( kt      + ln[A]0
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    y      =       mx      +     b



b. Graphing





(1) Plot “ln [A]t” on the y-axis.





(2)  Plot “t” on the x-axis.





(3) Draw best straight-line fit.

As close to as many of the points as possible




c. Interpreting the graph





The slope “m” should be the negative of the value 

of “k”.



4. Second order assumption




a. Straight line equation
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b. Graphing





(1) Plot “
[image: image74.wmf]1
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” on the y-axis.





(2) Plot “t” on the x-axis.





(3) Draw best straight-line fit.

As close to as many of the points as possible




c. Interpreting the graph





The slope “m” should be the value of “k”.

COLLISION THEORY


A. Reactions involve collisions between particles.



1. Most chemical reactions involve a transfer of atoms from one 

    molecule to another.



2. This transfer happens when the particles collide.




a. For a reaction to occur the particles must collide.

Obviously! 




b. The particles must collide with the proper orientation 

                                        with respect to each other.


AB + CD ( AD + CB

        A        C

          A        D

        (((((((

           ((((((( 

        B        D

           B        C

        (((                    (((
            NO                        YES



3. If more particles collide, then the reaction will go faster.


B. Collisions alone are not a complete explanation.



1. Statistics




a. In gas phase

At room temperature and pressure (298 K and 

1 atm) there are about 1 x 1027 binary collisions (between two particles) in each mL of volume each second.




b. In liquids





The rate of collisions is significantly higher.



2. If every binary collision led to a product, then every reaction 

                            would be over almost instantaneously.


C. Energy considerations are also a part of the explanation.


1.  Kinetic energy can be converted to vibrational energy in 

                  collisions.

2. When the translational kinetic energy of the colliding particles 

    is high enough:


a. The resulting vibrational energy will be sufficient to 

                 break chemical bonds.


b. The bond will vibrate strongly enough to break.


 3. When the translational kinetic energy is too small: 

a. The particles will just bounce off of each other and no 

    bond breaking will result.

b. The bond will not vibrate strongly enough to break.


D. Collision theory and an energy description of bond breaking and 

                 forming.



1. Activation energy  




a. Definition





The minimum amount of energy colliding particles 

must have in order to react.




b. Symbol ( Ea



c. This minimum energy forms a “barrier” to particles 

    reacting that they must “get over” to form products:



The “activation energy barrier”


2. Activated complex




a. The activated complex is the temporary high energy 

    species formed by the reactant particles as a result 

    of their collision.




b. It is VERY short lived ( only about 10(13 seconds.




c. It is also called the “transition state.”




d. It is just as likely to fall apart and reform the reactants 

                                        as it is to go on to form products.



3. Potential energy profiles




a. Endothermic reactions
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b. Exothermic reactions
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E. Collision theory and an explanation of factors affecting reaction rate



1. The effect of increasing temperature




a. Increasing the temperature increases the average kinetic 

                energy of the particles. 

(1) As a result, there are more collisions.

(2) However, the number of collisions increases 

     relatively slowly with an increase in temperature.




b. More importantly, increasing the temperature also 

    increases the fraction of the particles with at least 

    the minimum necessary kinetic energy 

(1) This means that more particles have at least 

      enough energy to get over the activation energy 

      barrier.

(2) As a result, more collisions go on to form 

     products.
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2. The effect of increasing concentration

Increasing the concentration increases the number of collisions per unit time, which increases the reaction rate.



3. The effect of increasing the surface area of a solid or liquid 

    reactant

Since reactions take place on the surface of reactants, increasing the surface area increases the number of collisions per unit time, which increases the reaction rate.

4. The presence of a catalyst

Since a catalyst works by lowering the activation energy, a lower activation energy means that more particles will have at least the minimum kinetic energy to go on to react.


F. The relationship among activation energy, temperature, frequency of 

                 collisions, and the rate law constant


1. Arrhenius equation



a. Verbal description




The Arrhenius equation relates the rate constant for 

a reaction to the frequency factor, the activation energy, and the temperature.




b. Forms of the equation





(1) standard form






k = A
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(2) logarithmic form






ln k = ( 
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(3) linear form 

ln k   =   
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c. Terms explained





(1) “k” is the rate law constant for that reaction





(2) “A” is the frequency factor






(a) Is related to the frequency of collisions 

     that have the proper orientation for 

     reaction to take place.

(b) While it does vary somewhat with 

      temperature it can be assumed to be 

      constant over a fairly wide temperature 

      range.





(3) “e” is the base of natural logarithms.





(4) “ln” is the natural logarithm.





(5) “R” is the gas constant.  

8.3145 J/K(mol





(6) “T” is the temperature in kelvin.




d. Determining the activation energy and the frequency 

                                        factor for a reaction





(1) Determine the value of “k” as done previously.





(2) Use the linear form of the Arrhenius equation.

ln k   =   
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(3) Plot ln k versus 1/T and determine the slope.





(4) The slope “m” will be equal to 
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(5) Ea = ( mR





(6) The y-intercept “b” will be equal to ln A.





(7) b = ln A




(8) A = eb




e. Example

Under the right conditions and in the right solvent, the reaction of 2-bromo-2-methylpropane to form t-butyl alcohol 




    

(CH3)3CBr + OH( (( (CH3)3COH + Br(
is first order with respect to 2-bromo-2-methylpropane and zeroth order with respect to hydroxide.  This reaction was run at several different temperatures and the rate constant, “k”, was determined for each one.  A plot of ln(k) versus 1/T resulted in a straight line.  The slope of that line was ( 1.10 x 104 K and its y-intercept was 33.5.  Determine the energy of activation and the value of the frequency factor for this reaction.

	Given
	Find

	m = ( 1.10 x 104 K  

b =  33.5
	 Ea = ?

 A = ?


      
Ea = ( mR 
     = ( (( 1.10 x 104 K)(8.3145 J/K(mol)





    = 9.15 x 104 J/mol





     A = eb
         = e33.5
       



         = 3.54 x 1014
2. The comparative Arrhenius equation


a. Used to compare rate law constants at two temperatures

b. Equation

ln 
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3. Example

At 298 K the rate constant for a first-order reaction is 3.46 x 10(2 s(1.  If the activation energy for the reaction is 50.2 kJ/mol, what is the rate constant at 350. K?

	Given
	Find

	T1 = 298 K 

k1 = 3.46 x 10(2 s(1

Ea = 50.2 kJ/mol

T2 = 350. K

R = 8.3145 J/K(mol  
	k2 = ?


     l            n 
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REACTION MECHANISMS


A. Definition and description of a reaction mechanism

1. Definition

The sequence of elementary steps, whose overall effect is given by the net chemical equation, that leads to product formation.



2. Description

a. A detailed picture or model of how the reaction occurs

b. The order in which bonds are broken and formed

c. The changes in the relative positions of the atoms as the 

     reaction proceeds


B. Definition and description of elementary steps



1. Definition

A series of simple reactions that represent the progress of the overall reaction at the molecular level

2. Description

a. Processes in a chemical reaction that occur in a single 

    step or event

b.  A single molecular event, such as a collision of 

     molecules, resulting in a reaction


C. Definition and description of reaction intermediate



1. Definition




It is a species produced during a reaction that does not 

appear in the overall balanced equation.



2. Description

a. It is neither a reactant nor a product of the overall 

    balanced equation.

b. It is a substance formed in one elementary step of a

    multistep mechanism and consumed in a subsequent 

    step in the mechanism.

c. It appears in the mechanism of the reaction but not in the 

   overall balanced equation.


D. Definition and description of molecularity


1. Definition

The number of molecules on the reactant side of an elementary step 



2. Description

a. The number of particles that participate as reactants in 

    an elementary step 

b. The number of “molecules” reacting in an elementary 

     step

c. If one of those “molecules” is a monoatomic species, 

    then it is still counted as a “molecule.”

3. Key descriptive terms for molecularity




a. Unimolecular





(1) Definition and description

An elementary step that involves only one molecule as a reactant

Usually the decomposition of some 

previously formed high energy species





(2) Example






N2O ( N2 + O




b. Bimolecular





(1) Definition and description

An elementary step that involves two molecules as reactants

Remember that a monoatomic species is still counted as a “molecule.”

The most common of the three molecularities is bimolecular.

(2) Example


N2O + O ( N2 + O2



c. Termolecular





(1) Definition and description

An elementary step that involves three molecules as reactants

Rarely encountered

Found in some gas phase reactions

Higher molecularities are not encountered because the probability of the correct four

molecules colliding is incredibly small.

(2) Example


NOT the actual mechanism!


2 NO (g) + Br (g) (  2 NOBr (g)


E. Writing the overall balanced equation from the mechanism



1. Procedure




a. Write the sequence of elementary steps as a column 

                                        of equations.




b. Cancel identical species occurring on both sides of the 

    arrows regardless of whether they occur in the same 

    elementary step.

c. Add the steps together by adding the remaining reactants 

     and the remaining products.


2. Examples




a. 





NO + NO ( N2O2
   
                       N2O2 + H2 ( N2O + H2O





NO + NO ( N2O2

   
                      N2O2 + H2 ( N2O + H2O

   
                                  2 NO + H2 ( N2O + H2O

  
b.  

(CH3)3AuPH3 ( (CH3)3Au + PH3

                              (CH3)3Au ( C2H6 + (CH3)Au

          (CH3)Au + PH3 ( (CH3)AuPH3     

(CH3)3AuPH3 ( (CH3)3Au + PH3

                             (CH3)3Au ( C2H6 + (CH3)Au

        (CH3)Au + PH3 ( (CH3)AuPH3     



           (CH3)3AuPH3 ( C2H6 + (CH3)AuPH3

F. Rate laws and elementary steps



1. Rate laws for elementary steps with each of the three 

                            molecularities


a. Unimolecular



A ( products



rate = k[A]


b. Bimolecular



A + A ( products



rate = k[A]2



A + B ( products





rate = k[A][B]




c. Termolecular





A + B + C ( products





rate = k[A][B][C]



2. Writing rate laws for elementary steps




a. The rate is set equal to the product of “k” and the molar

                                        concentration of each reactant in the elementary step.

b. Examples ( write the rate equations for 

    the following elementary steps


(1) 
[image: image95.wmf]*
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rate = k
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(2) NO2 + NO2 ( NO3 + NO



rate = k[NO2]2

(3) NO3 + CO ( NO2 + CO2



rate = k[NO3][CO]


(4) 2 NO + Br (  2NOBr



rate = k[NO]2[Br]

G. Rate law and mechanisms


1. Rate law and single step mechanisms

The rate law is written just as for elementary steps.



2. Rate law and multi-step mechanisms

a. The observed rate law provides helpful information 

    about the mechanism of a reaction.

b. Rate-determining step



(1) The rate-determining step is the slowest step in

                              the reaction mechanism.



(2) The rate-determining step is the step that limits 

                              the overall rate of the reaction.

(3) Example from real life

Baking cookies from commercially prepared dough

Person A can put a dozen cookies on a baking sheet each 2 minutes in step 1.

Person B takes 12 minutes to bake the cookies in step 2.

Step 2 limits the speed with which cookies can be baked – it is the rate-determining step.




c. Mechanisms with an initial slow step 





(1) The rate law for the reaction is the same as the 

      rate law for the first elementary step.

(2) Example


Give the rate equation for the following 

reaction:






NO2 + NO2 ( NO3 + NO
(slow)

    



NO3 + CO  ( NO2 + CO2
(fast)

NO2 + CO  ( NO + CO2
experimental rate law is 

rate = k [NO2]2 




d. Mechanisms with an initial fast step 





(1) The rate law must take into account the reaction

      intermediates, but can only include the actual, 

      initial reactants.

(2) The concentration of the reaction intermediates 

      can be expressed in terms of the concentrations 

      of the reactants.

(3) Example

(a) With all of the algebra shown…

Give the rate equation for the   

following reaction:

     NO + Br2 ( NOBr2

(fast)

NOBr2 + NO ( 2 NOBr

(slow)

We would predict that the rate law would be:




rate = k[NOBr2][NO]

but NOBr2 is not an initial reactant.

However NOBr2 is being formed fast:




NO + Br2 
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and it is falling apart quickly:




NOBr2 
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rate = k (1[NOBr2]

If we assume that an equilibrium is quickly reached then the rate of the forward reaction will be equal to the

rate of the reverse reaction.

k1[NO][Br2] = k (1 [NOBr2]

       
     rate of              rate of

             forward rxn       reverse rxn

	This is the

key concept
	:
	[NOBr2] = 
[image: image99.wmf]
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Taking the rate law predicted from the elementary step which is the limiting step:



rate = k[NOBr2][NO]

and substituting in the rate equation for NOBr2:


      [NOBr2] = 
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we get:

     rate = k
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The final rate equation is:

rate = k[NO]2[Br2]






(b) With the algebra abbreviated…

Give the rate equation for the   

following reaction:






      NO + NO ( N2O2
  (fast)

    



      N2O2 + Br2 ( 2 NOBr
  (slow)






rate = k[N2O2][Br2]






rate = k[NO]2[Br2]


3. Determining the rate-determining step from the rate law



a. Procedure

(1) Predict the rate equations that would result 

      should each of the steps prove to be the slow 

      step. 

(2) Eliminate those predicted rate equations that 

      do not fit.
(3) Choose the rate-determining step.




b. Examples





(1) If the observed rate equation for the following 

                                                     reaction mechanism is:


NO + Br2 ( NOBr2



NOBr2 + NO ( 2 NOBr




rate = k[NO][Br2]

     
Give the rate-determining step

Answer: the first step

(2) If the observed rate equation for the following 

     reaction mechanism is:


NO + Br2 ( NOBr2




NOBr2 + NO ( 2 NOBr




rate = k[NO]2[Br2]

     
Give the rate-determining step


Answer: the second step

CATALYSIS


A. Importance of catalysts



1. Industry ( catalysts allow industrial chemical processes to 

                            take place:

a. At a reasonable rate in a reasonable length of time


b. At lower temperatures that lower energy costs



2. Biologically ( catalysts allow important biochemical reactions 

                            to take place:

a. At a very rapid rate


b. At body temperature



B. Nature of catalysts



1. Catalysts increase the rate of reaction.



2. Catalysts increase the rate of both the forward and the reverse 

                            reaction.

3. Catalysts do not undergo permanent chemical change in the 

    reaction they catalyze.


a. They are not “used up.”


b.  They do not appear as either reactants or products in 

                  the balanced equation.


c. They participate in one step of a chemical reaction, 

                 and then they are regenerated in a later step.



4. Catalysts work by lowering the activation energy for the 

                             reaction ( both forward and reverse!
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5. Inhibitor




a. Definition

A substance that interferes with catalysis




b. It reacts with the catalyst.





(1) An inhibitor “poisons” a catalyst by binding 

                             tightly to the surface of the catalyst.





(2) It reduces the amount of catalyst available.





(3) Slows the reaction from its catalyzed rate toward 

                                                      its uncatalyzed rate.


C. Homogeneous catalysis



1. Definition




Homogeneous catalysis is the use of a catalyst that is 

in the same phase as the reactants, usually liquid but sometimes gas.

  

2. Example

Equation 1


2 H2O2 (aq) ( 2 H2O (l) + O2 (g)




Aqueous bromine is a catalyst for this reaction:

Equation 2


Br2 (aq) + H2O2 (aq) ( 2 Br((aq) + 2 H+(aq) + O2 (g)

The regeneration of the catalyst is:

Equation 3


2 Br((aq) + H2O2 (aq) + 2 H+(aq) ( Br2 (aq) + 2 H2O (l)



The net of equations 2 and 3 is equation 1.


D. Heterogeneous catalysis



1. Definition

Heterogeneous catalysis is the use of a catalyst which is in a phase different from that of the reactants, usually a solid catalyst in contact with reactants in the liquid or gas phase.



2. Heterogeneous catalysis is also called “surface catalysis” since 

    the reactant molecules adsorb to the surface of the catalyst.



3. There are two types of adsorption




a. Physical adsorption

In physical adsorption the reactant molecules stick to the surface of the catalyst because of weak 

intermolecular forces.

b. Chemical adsorption (also called “chemisorption”)





(1) Reactant-catalyst bond forming

In chemical adsorption there is an actual bond formed between the reactant and the surface particles of the catalyst.





(2) Inter-reactant bond breaking

(a) The bond between the reactant and 

      the catalyst weakens bonds within the 

      reactants.






(b) This allows new bonds to form with 

                              lower activation energy.



4. Example

	Uncatalyzed Mechanism
	
	Pd Catalyzed Mechanism

	           H2 
	(
	2 H
	
	            H2 + 2 Pd
	(
	2 Pd-H

	  C2H4 + H
	(
	C2H5
	
	       C2H4 + Pd-H
	(
	C2H5-Pd

	   C2H5 + H 
	(
	C2H6
	
	  C2H5-Pd + Pd-H
	(
	C2H6 + 2 Pd

	  C2H4 + H2
	(
	C2H6
	
	            C2H4 + H2
	(
	C2H6



E. Enzyme catalysis



1. Definition of enzyme catalysis




Enzyme catalysis is the use of enzymes as catalysts in 

biochemical reactions.



2. Definition of enzymes




Enzymes are proteins of high molecular weight that act 

as catalysts.

3. Key terms and a description of enzyme catalysis




a. Active site





(1) The active site of an enzyme is the specific site 

      where catalysis occurs.





(2) The active site is where reacting molecules 

                  become adsorbed, usually chemically adsorbed.

b. Substrate

A substrate is the substance that undergoes reaction in enzyme catalysis.


c. Each enzyme is very specific

(1) An enzyme acts as a catalyst for only a specific 

     biochemical reaction or very small group of 

     biochemical reactions.

(2) It only affects a specific substrate or a very  

      small group of substrates.

d. A substrate binds to the active site, is changed 

    chemically, and in the process of being changed 

    chemically is released from the active site.

e. Enzymes increase the rate of biochemical reaction by

    a factor of from 106 to 1012.
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		1500		1500		1500		1500

		1520		1520		1520		1520

		1540		1540		1540		1540

		1560		1560		1560		1560

		1580		1580		1580		1580

		1600		1600		1600		1600

		1620		1620		1620		1620

		1640		1640		1640		1640

		1660		1660		1660		1660

		1680		1680		1680		1680

		1700		1700		1700		1700

		1720		1720		1720		1720

		1740		1740		1740		1740

		1760		1760		1760		1760

		1780		1780		1780		1780

		1800		1800		1800		1800

		1820		1820		1820		1820

		1840		1840		1840		1840

		1860		1860		1860		1860

		1880		1880		1880		1880

		1900		1900		1900		1900

		1920		1920		1920		1920

		1940		1940		1940		1940

		1960		1960		1960		1960

		1980		1980		1980		1980

		2000		2000		2000		2000

		2020		2020		2020		2020

		2040		2040		2040		2040

		2060		2060		2060		2060

		2080		2080		2080		2080

		2100		2100		2100		2100

		2120		2120		2120		2120

		2140		2140		2140		2140

		2160		2160		2160		2160

		2180		2180		2180		2180

		2200		2200		2200		2200

		2220		2220		2220		2220

		2240		2240		2240		2240

		2260		2260		2260		2260

		2280		2280		2280		2280

		2300		2300		2300		2300

		2320		2320		2320		2320

		2340		2340		2340		2340

		2360		2360		2360		2360

		2380		2380		2380		2380

		2400		2400		2400		2400

		2420		2420		2420		2420

		2440		2440		2440		2440

		2460		2460		2460		2460

		2480		2480		2480		2480

		2500		2500		2500		2500

		2520		2520		2520		2520

		2540		2540		2540		2540

		2560		2560		2560		2560

		2580		2580		2580		2580

		2600		2600		2600		2600

		2620		2620		2620		2620

		2640		2640		2640		2640

		2660		2660		2660		2660

		2680		2680		2680		2680

		2700		2700		2700		2700

		2720		2720		2720		2720

		2740		2740		2740		2740

		2760		2760		2760		2760

		2780		2780		2780		2780

		2800		2800		2800		2800

		2820		2820		2820		2820

		2840		2840		2840		2840

		2860		2860		2860		2860

		2880		2880		2880		2880

		2900		2900		2900		2900

		2920		2920		2920		2920

		2940		2940		2940		2940

		2960		2960		2960		2960

		2980		2980		2980		2980

		3000		3000		3000		3000
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Simulation

				Speed distribution of a gas (Maxwell Distribution)

								M (g/mol)		m (kg)

				Gas:		Ar		83.80		1.391564264364E-25

				T (K):		500

						1000





Simulation

		0		0		0		0

		20		20		20		20

		40		40		40		40

		60		60		60		60

		80		80		80		80

		100		100		100		100

		120		120		120		120

		140		140		140		140

		160		160		160		160

		180		180		180		180

		200		200		200		200

		220		220		220		220

		240		240		240		240

		260		260		260		260

		280		280		280		280

		300		300		300		300

		320		320		320		320

		340		340		340		340

		360		360		360		360

		380		380		380		380

		400		400		400		400

		420		420		420		420

		440		440		440		440

		460		460		460		460

		480		480		480		480

		500		500		500		500

		520		520		520		520

		540		540		540		540

		560		560		560		560

		580		580		580		580

		600		600		600		600

		620		620		620		620

		640		640		640		640

		660		660		660		660

		680		680		680		680

		700		700		700		700

		720		720		720		720

		740		740		740		740

		760		760		760		760

		780		780		780		780

		800		800		800		800

		820		820		820		820

		840		840		840		840

		860		860		860		860

		880		880		880		880

		900		900		900		900

		920		920		920		920

		940		940		940		940

		960		960		960		960

		980		980		980		980

		1000		1000		1000		1000

		1020		1020		1020		1020

		1040		1040		1040		1040

		1060		1060		1060		1060

		1080		1080		1080		1080

		1100		1100		1100		1100

		1120		1120		1120		1120

		1140		1140		1140		1140

		1160		1160		1160		1160

		1180		1180		1180		1180

		1200		1200		1200		1200

		1220		1220		1220		1220

		1240		1240		1240		1240

		1260		1260		1260		1260

		1280		1280		1280		1280

		1300		1300		1300		1300

		1320		1320		1320		1320

		1340		1340		1340		1340

		1360		1360		1360		1360

		1380		1380		1380		1380

		1400		1400		1400		1400

		1420		1420		1420		1420

		1440		1440		1440		1440

		1460		1460		1460		1460

		1480		1480		1480		1480

		1500		1500		1500		1500

		1520		1520		1520		1520

		1540		1540		1540		1540

		1560		1560		1560		1560

		1580		1580		1580		1580

		1600		1600		1600		1600

		1620		1620		1620		1620

		1640		1640		1640		1640

		1660		1660		1660		1660

		1680		1680		1680		1680

		1700		1700		1700		1700

		1720		1720		1720		1720

		1740		1740		1740		1740

		1760		1760		1760		1760

		1780		1780		1780		1780

		1800		1800		1800		1800

		1820		1820		1820		1820

		1840		1840		1840		1840

		1860		1860		1860		1860

		1880		1880		1880		1880

		1900		1900		1900		1900

		1920		1920		1920		1920

		1940		1940		1940		1940

		1960		1960		1960		1960

		1980		1980		1980		1980

		2000		2000		2000		2000

		2020		2020		2020		2020

		2040		2040		2040		2040

		2060		2060		2060		2060

		2080		2080		2080		2080

		2100		2100		2100		2100

		2120		2120		2120		2120

		2140		2140		2140		2140

		2160		2160		2160		2160

		2180		2180		2180		2180

		2200		2200		2200		2200

		2220		2220		2220		2220

		2240		2240		2240		2240

		2260		2260		2260		2260

		2280		2280		2280		2280

		2300		2300		2300		2300

		2320		2320		2320		2320

		2340		2340		2340		2340

		2360		2360		2360		2360

		2380		2380		2380		2380

		2400		2400		2400		2400

		2420		2420		2420		2420

		2440		2440		2440		2440

		2460		2460		2460		2460

		2480		2480		2480		2480

		2500		2500		2500		2500

		2520		2520		2520		2520

		2540		2540		2540		2540

		2560		2560		2560		2560

		2580		2580		2580		2580

		2600		2600		2600		2600

		2620		2620		2620		2620

		2640		2640		2640		2640

		2660		2660		2660		2660

		2680		2680		2680		2680

		2700		2700		2700		2700

		2720		2720		2720		2720

		2740		2740		2740		2740

		2760		2760		2760		2760

		2780		2780		2780		2780

		2800		2800		2800		2800

		2820		2820		2820		2820

		2840		2840		2840		2840

		2860		2860		2860		2860

		2880		2880		2880		2880

		2900		2900		2900		2900

		2920		2920		2920		2920

		2940		2940		2940		2940

		2960		2960		2960		2960

		2980		2980		2980		2980

		3000		3000		3000		3000
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Lookup Table

				Lookup Data

				gas		M		m

				H2		2.00		3.32E-27

				HD		3.00		4.98E-27

				D2		4.00		6.64E-27

				CH4		16.03		2.66E-26

				CO		28.01		4.65E-26

				CO2		44.01		7.31E-26

				N2		28.00		4.65E-26

				O2		32.00		5.31E-26

				F2		38.00		6.31E-26

				Cl2		71.00		1.18E-25

				Br2		159.80		2.65E-25

				I2		253.81		4.21E-25

				HF		20.01		3.32E-26

				HCl		36.46		6.05E-26

				HBr		80.91		1.34E-25

				HI		127.91		2.12E-25

				He		4.00		6.64E-27

				Ne		20.18		3.35E-26

				Kr		39.95		6.63E-26

				Ar		83.80		1.39E-25





Raw Data

		

				Constant:		k =		1.38E-23

				v (m/s)		Pressure

				0		0.0E+00		0.0E+00		0.0E+00		0.0E+00

				20		2.9E-05		1.0E-05		0.0E+00		0.0E+00

				40		1.1E-04		4.1E-05		0.0E+00		0.0E+00

				60		2.5E-04		9.0E-05		0.0E+00		0.0E+00

				80		4.3E-04		1.6E-04		0.0E+00		0.0E+00

				100		6.5E-04		2.4E-04		0.0E+00		0.0E+00

				120		9.0E-04		3.4E-04		0.0E+00		0.0E+00

				140		1.2E-03		4.5E-04		0.0E+00		0.0E+00

				160		1.4E-03		5.7E-04		0.0E+00		0.0E+00

				180		1.7E-03		7.0E-04		0.0E+00		0.0E+00

				200		1.9E-03		8.3E-04		0.0E+00		0.0E+00

				220		2.1E-03		9.7E-04		0.0E+00		0.0E+00

				240		2.3E-03		1.1E-03		0.0E+00		0.0E+00

				260		2.5E-03		1.2E-03		0.0E+00		0.0E+00

				280		2.6E-03		1.3E-03		0.0E+00		0.0E+00

				300		2.6E-03		1.5E-03		0.0E+00		0.0E+00

				320		2.6E-03		1.6E-03		0.0E+00		0.0E+00

				340		2.6E-03		1.6E-03		0.0E+00		0.0E+00

				360		2.5E-03		1.7E-03		0.0E+00		0.0E+00

				380		2.4E-03		1.8E-03		0.0E+00		0.0E+00

				400		2.3E-03		1.8E-03		0.0E+00		0.0E+00

				420		2.2E-03		1.9E-03		0.0E+00		0.0E+00

				440		2.0E-03		1.9E-03		0.0E+00		0.0E+00

				460		1.8E-03		1.9E-03		0.0E+00		0.0E+00

				480		1.6E-03		1.8E-03		0.0E+00		0.0E+00

				500		1.5E-03		1.8E-03		0.0E+00		0.0E+00

				520		1.3E-03		1.8E-03		0.0E+00		0.0E+00

				540		1.1E-03		1.7E-03		0.0E+00		0.0E+00

				560		9.6E-04		1.6E-03		0.0E+00		0.0E+00

				580		8.2E-04		1.6E-03		0.0E+00		0.0E+00

				600		6.9E-04		1.5E-03		0.0E+00		0.0E+00

				620		5.8E-04		1.4E-03		0.0E+00		0.0E+00

				640		4.8E-04		1.3E-03		0.0E+00		0.0E+00

				660		3.9E-04		1.2E-03		0.0E+00		0.0E+00

				680		3.2E-04		1.1E-03		0.0E+00		0.0E+00

				700		2.5E-04		1.1E-03		0.0E+00		0.0E+00

				720		2.0E-04		9.7E-04		0.0E+00		0.0E+00

				740		1.6E-04		8.9E-04		0.0E+00		0.0E+00

				760		1.2E-04		8.0E-04		0.0E+00		0.0E+00

				780		9.5E-05		7.2E-04		0.0E+00		0.0E+00

				800		7.3E-05		6.5E-04		0.0E+00		0.0E+00

				820		5.5E-05		5.8E-04		0.0E+00		0.0E+00

				840		4.2E-05		5.1E-04		0.0E+00		0.0E+00

				860		3.1E-05		4.5E-04		0.0E+00		0.0E+00

				880		2.3E-05		4.0E-04		0.0E+00		0.0E+00

				900		1.7E-05		3.5E-04		0.0E+00		0.0E+00

				920		1.2E-05		3.0E-04		0.0E+00		0.0E+00

				940		8.7E-06		2.6E-04		0.0E+00		0.0E+00

				960		6.2E-06		2.3E-04		0.0E+00		0.0E+00

				980		4.3E-06		1.9E-04		0.0E+00		0.0E+00

				1000		3.0E-06		1.7E-04		0.0E+00		0.0E+00

				1020		2.1E-06		1.4E-04		0.0E+00		0.0E+00

				1040		1.4E-06		1.2E-04		0.0E+00		0.0E+00

				1060		9.8E-07		1.0E-04		0.0E+00		0.0E+00

				1080		6.6E-07		8.3E-05		0.0E+00		0.0E+00

				1100		4.4E-07		6.9E-05		0.0E+00		0.0E+00

				1120		2.9E-07		5.8E-05		0.0E+00		0.0E+00

				1140		1.9E-07		4.7E-05		0.0E+00		0.0E+00

				1160		1.3E-07		3.9E-05		0.0E+00		0.0E+00

				1180		8.1E-08		3.2E-05		0.0E+00		0.0E+00

				1200		5.2E-08		2.6E-05		0.0E+00		0.0E+00

				1220		3.3E-08		2.1E-05		0.0E+00		0.0E+00

				1240		2.1E-08		1.7E-05		0.0E+00		0.0E+00

				1260		1.3E-08		1.4E-05		0.0E+00		0.0E+00

				1280		8.0E-09		1.1E-05		0.0E+00		0.0E+00

				1300		4.9E-09		8.6E-06		0.0E+00		0.0E+00

				1320		3.0E-09		6.8E-06		0.0E+00		0.0E+00

				1340		1.8E-09		5.4E-06		0.0E+00		0.0E+00

				1360		1.1E-09		4.2E-06		0.0E+00		0.0E+00

				1380		6.3E-10		3.3E-06		0.0E+00		0.0E+00

				1400		3.7E-10		2.6E-06		0.0E+00		0.0E+00

				1420		2.2E-10		2.0E-06		0.0E+00		0.0E+00

				1440		1.3E-10		1.5E-06		0.0E+00		0.0E+00

				1460		7.2E-11		1.2E-06		0.0E+00		0.0E+00

				1480		4.1E-11		9.0E-07		0.0E+00		0.0E+00

				1500		2.3E-11		6.8E-07		0.0E+00		0.0E+00

				1520		1.3E-11		5.2E-07		0.0E+00		0.0E+00

				1540		7.1E-12		3.9E-07		0.0E+00		0.0E+00

				1560		3.9E-12		2.9E-07		0.0E+00		0.0E+00

				1580		2.1E-12		2.2E-07		0.0E+00		0.0E+00

				1600		1.2E-12		1.6E-07		0.0E+00		0.0E+00

				1620		6.2E-13		1.2E-07		0.0E+00		0.0E+00

				1640		3.3E-13		8.9E-08		0.0E+00		0.0E+00

				1660		1.7E-13		6.6E-08		0.0E+00		0.0E+00

				1680		9.0E-14		4.8E-08		0.0E+00		0.0E+00

				1700		4.7E-14		3.5E-08		0.0E+00		0.0E+00

				1720		2.4E-14		2.5E-08		0.0E+00		0.0E+00

				1740		1.2E-14		1.8E-08		0.0E+00		0.0E+00

				1760		6.2E-15		1.3E-08		0.0E+00		0.0E+00

				1780		3.1E-15		9.4E-09		0.0E+00		0.0E+00

				1800		1.5E-15		6.7E-09		0.0E+00		0.0E+00

				1820		7.6E-16		4.8E-09		0.0E+00		0.0E+00

				1840		3.7E-16		3.4E-09		0.0E+00		0.0E+00

				1860		1.8E-16		2.4E-09		0.0E+00		0.0E+00

				1880		8.6E-17		1.7E-09		0.0E+00		0.0E+00

				1900		4.1E-17		1.2E-09		0.0E+00		0.0E+00

				1920		1.9E-17		8.0E-10		0.0E+00		0.0E+00

				1940		9.1E-18		5.6E-10		0.0E+00		0.0E+00

				1960		4.2E-18		3.8E-10		0.0E+00		0.0E+00

				1980		2.0E-18		2.6E-10		0.0E+00		0.0E+00

				2000		8.9E-19		1.8E-10		0.0E+00		0.0E+00

				2020		4.1E-19		1.2E-10		0.0E+00		0.0E+00

				2040		1.8E-19		8.3E-11		0.0E+00		0.0E+00

				2060		8.1E-20		5.6E-11		0.0E+00		0.0E+00

				2080		3.6E-20		3.8E-11		0.0E+00		0.0E+00

				2100		1.6E-20		2.5E-11		0.0E+00		0.0E+00

				2120		6.9E-21		1.7E-11		0.0E+00		0.0E+00

				2140		3.0E-21		1.1E-11		0.0E+00		0.0E+00

				2160		1.3E-21		7.3E-12		0.0E+00		0.0E+00

				2180		5.4E-22		4.8E-12		0.0E+00		0.0E+00

				2200		2.3E-22		3.2E-12		0.0E+00		0.0E+00

				2220		9.5E-23		2.1E-12		0.0E+00		0.0E+00

				2240		3.9E-23		1.3E-12		0.0E+00		0.0E+00

				2260		1.6E-23		8.6E-13		0.0E+00		0.0E+00

				2280		6.6E-24		5.6E-13		0.0E+00		0.0E+00

				2300		2.7E-24		3.6E-13		0.0E+00		0.0E+00

				2320		1.1E-24		2.3E-13		0.0E+00		0.0E+00

				2340		4.3E-25		1.5E-13		0.0E+00		0.0E+00

				2360		1.7E-25		9.2E-14		0.0E+00		0.0E+00

				2380		6.6E-26		5.8E-14		0.0E+00		0.0E+00

				2400		2.5E-26		3.6E-14		0.0E+00		0.0E+00

				2420		9.8E-27		2.3E-14		0.0E+00		0.0E+00

				2440		3.7E-27		1.4E-14		0.0E+00		0.0E+00

				2460		1.4E-27		8.8E-15		0.0E+00		0.0E+00

				2480		5.3E-28		5.4E-15		0.0E+00		0.0E+00

				2500		2.0E-28		3.3E-15		0.0E+00		0.0E+00

				2520		7.3E-29		2.0E-15		0.0E+00		0.0E+00

				2540		2.7E-29		1.2E-15		0.0E+00		0.0E+00

				2560		9.7E-30		7.6E-16		0.0E+00		0.0E+00

				2580		3.5E-30		4.6E-16		0.0E+00		0.0E+00

				2600		1.3E-30		2.8E-16		0.0E+00		0.0E+00

				2620		4.4E-31		1.7E-16		0.0E+00		0.0E+00

				2640		1.6E-31		9.9E-17		0.0E+00		0.0E+00

				2660		5.5E-32		5.9E-17		0.0E+00		0.0E+00

				2680		1.9E-32		3.5E-17		0.0E+00		0.0E+00

				2700		6.5E-33		2.1E-17		0.0E+00		0.0E+00

				2720		2.2E-33		1.2E-17		0.0E+00		0.0E+00

				2740		7.4E-34		7.1E-18		0.0E+00		0.0E+00

				2760		2.5E-34		4.1E-18		0.0E+00		0.0E+00

				2780		8.3E-35		2.4E-18		0.0E+00		0.0E+00

				2800		2.7E-35		1.4E-18		0.0E+00		0.0E+00

				2820		8.9E-36		8.0E-19		0.0E+00		0.0E+00

				2840		2.9E-36		4.6E-19		0.0E+00		0.0E+00

				2860		9.3E-37		2.6E-19		0.0E+00		0.0E+00

				2880		3.0E-37		1.5E-19		0.0E+00		0.0E+00

				2900		9.3E-38		8.4E-20		0.0E+00		0.0E+00

				2920		2.9E-38		4.8E-20		0.0E+00		0.0E+00
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