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Introduction:

This experiment involves the study of the hydrolysis of tert-butyl chloride (2-chloro-2-methypropane). Hydrolysis is a unimolecular substitution reaction, better known as an SN1 reaction, with a kinetically derived unimolecular rate determining step. This unimolecular hydrolysis of tert-butyl chloride is shown below:










Water is used as a protic solvent to assist in getting rid of the leaving group, chlorine. NaOH is used to neutralize the HCl that is formed. Here is the overall reaction:















Procedure and Observations

Experiment A:

· Set up 4 burettes.
· Fill one burette with 0.10 M tert-butyl chloride in acetone, one with 0.01 M NaOH in distilled water, one with distilled water and one with 0.1 M tert-butyl chloride in ethanol.
· Cover tops of burettes with stoppers to prevent evaporation
· Using a very dry and clean 50 mL Erlenmeyer flask draw 3.0 mL of 0.1 M tert-butyl chloride in acetone.  This will be solution #1.
· Using a second Erlenmeyer flask, draw 3.0 mL of 0.01 M NaOH, 4.0 mL of distilled water and 3 drops of bromothymol blue. This will be solution #2.
· Place flasks in a 1000 mL water bath to equilibrate to ambient temperature for 4 minutes.
· Swirl from time to time to help the equilibration.
· Mix contents of solution 1 into the flask containing solution 2 and then back into the flask that had solution 1 in it.
· Record the time required for colour to change from blue to yellow.
· Repeat this procedure another time ensuring that the variation in time for colour change is below 10%.

	
	Solution 1

	
	Trial 1
	Trial 2

	0.1 M tert-butyl chloride in Acetone (mL)
	3.0
	3.0

	
	Solution 2

	
	Trial 1
	Trial 2

	0.01 M NaOH (mL)
	3.0
	3.0

	Distilled Water (mL)
	4.0
	4.0

	Bromothymol Blue (drops)
	3
	3

	Water Bath Temperature (oC)
	22
	22

	Addition Of Solution 1 To Solution 2
	Time For Colour Change (s)

	Trial 1
	39.42

	Trial 2
	41.30



Experiment B:

· Repeat experiment A, except preparing the second flask with 6.0 mL of 0.01 M NaOH, 1.0 mL of distilled water and 3 drops of bromothymol blue.
· Note that the amount of NaOH is twice that used in experiment A, therefore resulting in a 20% conversion time for colour change.

	
	Solution 1

	
	Trial 1
	Trial 2

	0.1 M tert-butyl chloride in Acetone (mL)
	3.0
	3.0

	
	Solution 2

	
	Trial 1
	Trial 2

	0.01 M NaOH (mL)
	6.0
	6.0

	Distilled Water (mL)
	1.0
	1.0

	Bromothymol Blue (drops)
	3
	3

	Water Bath Temperature (oC)
	22
	22

	Addition Of Solution 1 To Solution 2
	Time For Colour Change (s)

	Trial 1
	148.2

	Trial 2
	143.4



Experiment C:

· Repeat experiment A, except preparing the second flask with 3.0 mL of 0.01 M NaOH, 11.0 mL of distilled water, 3.0 mL of acetone and 3 drops of bromothymol blue.


	
	Solution 1

	
	Trial 1
	Trial 2

	0.1 M tert-butyl chloride in Acetone (mL)
	3.0
	3.0

	
	Solution 2

	
	Trial 1
	Trial 2

	0.01 M NaOH (mL)
	3.0
	3.0

	Distilled Water (mL)
	11.0
	11.0

	Bromothymol Blue (drops)
	3.0
	3.0

	Water Bath Temperature (oC)
	22
	22

	Addition Of Solution 1 To Solution 2
	Time For Colour Change (s)

	Trial 1
	46.23

	Trial 2
	48.34



Experiment D:

· Repeat experiment A, except preparing the second flask with 3.0 mL of 0.01 M NaOH, 2.0 mL of distilled water, 2.0 mL of acetone and 3 drops of bromothymol.

	
	Solution 1

	
	Trial 1
	Trial 2

	0.1 M tert-butyl chloride in Acetone (mL)
	3.0
	3.0

	
	Solution 2

	
	Trial 1
	Trial 2

	0.01 M NaOH (mL)
	3.0
	3.0

	Distilled Water (mL)
	2.0
	2.0

	Acetone (mL)
	2.0
	2.0

	Bromothymol Blue (drops)
	3
	3

	Water Bath Temperature (oC)
	22
	22

	Addition Of Solution 1 To Solution 2
	Time For Colour Change (s)

	Trial 1
	673.8

	Trial 2
	714.6



Experiment E:

· Repeat experiment A, except preparing the second flask with 3.0 mL of 0.01 M of NaOH, 4.0 mL of acetone and 3 drops of bromothymol blue.










	
	Solution 1

	
	Trial 1
	Trial 2

	0.1 M tert-butyl chloride in Acetone (mL)
	3.0
	3.0

	
	Solution 2

	
	Trial 1
	Trial 2

	0.01 M NaOH (mL)
	3.0
	3.0

	Acetone (mL)
	4.0
	4.0

	Bromothymol Blue (drops)
	3
	3

	Water Bath Temperature (oC)
	22
	22

	Addition Of Solution 1 To Solution 2
	Time For Colour Change (s)

	Trial 1
	7200

	Trial 2
	7200



Experiment F:

· Repeat experiment A, except preparing the first flask with 3.0 mL of 0.1 M tert-butyl chloride in ethanol.

	
	Solution 1

	
	Trial 1
	Trial 2

	0.1 M tert-butyl chloride in Ethanol (mL)
	3.0
	3.0

	
	Solution 2

	
	Trial 1
	Trial 2

	0.01 M NaOH (mL)
	3.0
	3.0

	Distilled Water (mL)
	4.0
	4.0

	Bromothymol Blue (drops)
	3
	3

	Water Bath Temperature (oC)
	22
	22

	Addition Of Solution 1 To Solution 2
	Time For Colour Change (s)

	Trial 1
	24.63

	Trial 2
	25.52



During each experiment, before mixing solution 1 looked very clear and translucent while solution two was a transparent blue.  After mixing when hydrolysis was complete the solution became a transparent light yellow.

Sample Calculations:
Experiment A – 10% Conversion:

Rate = k [+Cl]
Rate = -d [+Cl-/dt[+Cl]
-kdt = d[+Cl]/[+Cl]
   -kt = ln ([+Cl]/[+Cl]t=0)

(0.1mol/L[\=Cl] x 0.003 L = 0.0003 mol x 0.010 L = 0.03 M [+Cl]
-kt10%= ln (0.9[0.03 M]/[0.03M])

K = -ln(0.9)/t10% = -ln(0.9)/((39.42s + 41.30)/2)

= 2.61 x 10-3 s-1

NOTE :
0.1 M [+Cl] x 0.003 L x 1/0.010 L = 0.03 M [+Cl]
0.1 M [+Cl] x 0.003 L x 1/0.017 L = 0.017 M [+Cl]

Rate = k[0.03M]
Rate = [2.61 x 10-3 s-1] [0.03M]
Rate = 7.83 x 10-5 Ms-1


Discussion:

Experiment A

· SN1 reaction occurs as tert-butyl chloride reacts with NaOH.
· First step is the rate determining step and it is involved in the breaking of the carbon-chloride bond.
· Produced HCl ions react with NaOH
· Minimal NaOH results in a colour change of blue to yellow.
· NaOH constitutes the limiting factor.
· Colour change indicates tert-butyl chloride has undergone 10% hydrolysis.
· A stopper is used in order to prevent the solution from evaporating.
· The mixture is then put back into the flask that contained the tert-butyl chloride in order to ensure minimal loss of the substrate.
· The average time for colour change was 39.42 s + 41.30 s / 2 = 40.36 s
· Rate constant for 10% conversion is 2.61 x 10-3 s-1
· Rate of reaction = k[t-BuCl] = [2.61 x 10-3 s-] [0.1 mol/L t-BuCl] [0.003 L x 1/0.010 L] = 7.83 x 10-5 Ms-1
· Reaction co-ordinate diagram:
















Experiment B

· Note that the amount of NaOH in the second flask is twice that used in experiment A, therefore resulting in a 20% conversion time for colour change.
· Increasing NaOH concentration and decreasing the distilled water concentration results in an observed decrease reaction rate.
· Concentration change of NaOH appears to slightly modify the reaction rate.
· 10% takes approximately 46.0 s, while 20% conversion takes approximately 145.8 s.
· The shows that reaction rate does depend on NaOH concentration to an extent.
· Average time for colour change is 148.2 s + 143.4 s / 2 = 145.8 s
· Rate constant for 20% conversion is 7.23 x 10-4 s-1
· Rate of reaction= k[t-BuCl] = [7.23 x 10-4 s-1] [0.1 mol/L t-BuCl] [0.003 L x 1/0.010 L]= 2.17 x 10-5 Ms-1
· Reaction co-ordinate diagram:

















Experiment C

· Additional acetone mixture affects the concentration of substrate and hydroxide, acetone decreases both concentrations.
· The rate of reaction is decreased due to the fact that acetone is less protic than water.
· This results in less stability as the transition state is less stable and this also results in increased activation energy.  The chlorine will be less likely to undergo an SN1 reaction.
· Changing the tert-butyl chloride concentration will increase the rate of hydrolysis since it is the only molecule involved in the rate determining step.
· Average time for colour change is 46.23 s + 48.34 s = 47.29 s 
· Rate constant for 10% conversion is 2.23 x 10-3 s-1
· Rate of reaction= k[t-BuCl] = [2.23 x 10-3 s-1] [0.1 mol/L t-BuCl] [0.003 L x 1/0.010 L]=  3.94 x10-5 Ms-1
· Reaction co-ordinate diagram:





















Experiment D

· This reaction was slower due to the minimized use of distiller water.
· Change in solvent from water to acetone lowers the rate of reaction. Therefore, additional acetone appears to lower the rate of reaction.
· Higher ratio of acetone in proportion to water decreases reaction time.
· This results in less hydrogen bonding ability and decreased stability of the transition state.
· Acetone solvent is less polar.
· As a result of this decreased polarity, tert-butyl chloride has difficulty reacting with water molecules and chlorine leaving group is less capable of breaking off.
· The formation of a carbocation is limited and prevented.
· More energy is needed for the reaction to start.
· Average time for colour change is 673.8 s + 714.6 s / 2 = 694.2 s
· Rate constant for 10% conversion is 1.52 x 10-4 s-1.
· Rate of reaction= k[t-BuCl] = [1.52 x 10-4 s-1] [0.1 mol/L t-BuCl] [0.003 L x 1/0.017 L]=  2.68 x10-6 Ms-1
· Reaction co-ordinate diagram:
















Experiment E

· No distilled water was used in this part.
· Increasing acetone greatly decreases the reaction rate.
· Changing solvent proportion by eliminating water all together results in the decrease of solvents polarity.
· Hydrogen bonding ability is extremely reduced and tert-butyl chloride is incapable of reacting with water during hydrolysis.
· Average time for colour change is 7200 s + 7200 s / 2 = 7200 s.
· Rate constant for 10% conversion is 1.46 x 10-5 s-1
· Rate of reaction= k[t-BuCl] = [1.46 x 10-5 s-1] [0.1 mol/L t-BuCl] [0.003 L x 1/0.010 L]=  4.38 x 10-7 Ms-1
· Reaction co-ordinate diagram:





















Experiment F

· This experiment was very similar to experiment A except for that fact that tert-butyl chloride dissolved in ethanol is used rather than tert-butyl chloride dissolved in acetone.
· Using ethanol instead of acetone results in increased protic levels.
· Changing the co-solvents from acetone to ethanol results in increased polarity of solvent.
· Increased polarity allowed ethanol to be more miscible in water, which allowed for an increased reaction rate.
· This also allows for a quicker reaction to the increased hydrogen bonding and dipole-dipole interactions.
· There is a more stabilized state as a result.
· Average time for colour change is 24.63 s + 25.52 s / 2 = 25.08 s.
· Rate constant for 10% conversion is 4.20 x 10-3 s-1
· Rate of reaction= k[t-BuCl] = [4.20 x 10-3 s-1] [0.1 mol/L t-BuCl] [0.003 L x 1/0.010 L]=  1.26 x 10-4 Ms-1
· Reaction co-ordinate diagram:






















· After all the experiments, one can conclude that the rate does not vary with concentration but is does vary with solvent.  A polar solvent will increase the chlorine leaving groups ability to leave.  The SN1 reaction will proceed at a faster rate because hydrogen bonding will help chlorine leave and form the carbonation.

Questions

1. If the reaction had occurred in one step an SN2 reaction would occur.  Here two molecules, the nucleophile and electrophile, would be directly involved in the rate determining step.  This nucleophilic substitution involves a nucleophile that will donate a pair of electrons that to an electrophilic center.  Protonation of a poor group will then results in the expelling of a good leaving group.  The kinetic expression would be the following: Rate = k[electrophile][nucleophile]

2. If the temperature increased the rate of all the reactions would increase since all the molecules have more energy available to activate the mechanism of the reaction.  The molecules would have a higher chance of colliding with each other to create the final product
Therefore an increase in temperature would provide more free energy and reduce the activation energy required to start the reactions.

3. In order to test my answer between increasing the temperature and increased reaction rate, experiment A at room temperature can be carried out as a control.  The same experiment can then be performed at various temperatures.  This can be done by using water baths at different temperatures.  Then record the reaction rates corresponding with each temperature and determine the effect of temperature on rate.

4. If tert-butyl bromide had been used in place of tert-butyl chloride, the rates of the various reactions would increase.  Bromine is lower down on the periodic table and is a larger halide than chlorine.  A larger atomic radius allows for greater distribution of electrons resulting in less negative-negative repulsion which allows bromine to be a better leaving group than chlorine.


5. Ammonia is a very good nucleophile that is very electron-rich and is very capable of donating a lone pair of electrons to an electron deficient electrophilic center.  However, the reactions carried out in this experiment are unimolecular SN1 reactions meaning the substrate reacts with the nucleophile to form substitution products.  Only the substrate has an effect on the reaction rate, while the nucleophile has no effect.  Therefore changing the nucleophile to ammonia has no effect on the reaction rate.

6. The product would be the same regardless of whether methanol or iso-propanol was used as it would produce butanol.  However, the rate of consumption of iso-propanol and methanol would be different.  Methanol would react faster than iso-propanol because it would form a more stable carbocation during the SN1 reaction.
