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Chemical Kinetics
The study of reaction kinetics is one of the major subdivisions of physical chemistry. It deals with investigating how fast (or slow) reactions take place, and with the factors the influence this. The degree of fastness or slowness is called the reaction rate or the reaction velocity (often abbreviated "v").

Any rate process represents some sort of output or occurrence per unit time. Examples include the flow of water (gallons per minute), the output of a heater (BTU's per hour), or the velocity of a vehicle (miles traveled per hour). In the case of a chemical reaction, the output is the product of the reaction, and the reaction rate represents the amount of product formed per unit time. Because more product will obviously be formed per unit time in a volume of 50 gallons than there will be in a volume of 100 mL, any meaningful comparison or expression of reaction rate must involve equal volumes. Therefore, a reaction rate is typically expressed as moles of product formed per liter of volume per unit time. Moles per liter is a familiar concentration unit, so that a reaction rate is equivalent to an increase in concentration of product per unit time. Time can be expressed in seconds, minutes or hours. The use of seconds is the most common.

In many familiar rate processes, the output per unit time can be constant. If you put your car on cruise control, for example, your velocity will stay constant until you do something about it. This is not the case for most chemical reactions, where the reaction rate (output per unit time) continuously decreases as the reaction progresses. This is because the amount of starting material gradually decreases as it is converted to reaction product. The output of product also necessarily gradually decreases until eventually there is no more starting material and the reaction rate drops to zero.

Units for Reaction Rates

If time is expressed in seconds, the units of reaction rate are usually moles per liter per second, or 
mol L-1 s-1. If a reaction product is symbolized as Y, its rate of formation is mathematically expressed, using the symbols of calculus, as 
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Recall that the brackets around a chemical formula mean concentration in moles per liter. The letter d stands for derivative and means "rate of change". The above would read in words as "rate of change of Y concentration per second". The reason for using "rate of change in Y concentration" instead of simply "change in Y concentration" has to do with the fact mentioned above that the rate of a chemical reaction is usually decreasing as the reaction progresses. (If you haven't had calculus, it's not essential to grasp this concept.)

The Rate Law for a Reaction
It should be clear that the reaction rate as expressed above is not particularly useful for describing quantitatively how fast a reaction takes place, because the reaction rate is usually not a constant. Something else is needed. What is usually done is to determine experimentally what is called the rate law for the reaction. The rate law expresses mathematically how the reaction rate depends on the concentrations of the starting materials. It is reasonable to expect that the output of a particular reaction product could depend on how much starting material is present. Frequently, the rate of product formation is found to be directly proportional to the concentrations of the reactants. In such a case, independently doubling the concentration of any reactant would double the reaction rate.

The experimental rate law is determined by carrying out the reaction in such a way that concentrations can be measured as a function of time. This can be done either by using some sort of continuous monitoring device or by periodically withdrawing a small amount of the reaction solution, quenching the reaction in some way, then determining the amount of product in whatever way is convenient. In this way, one obtains a list of concentrations at various known times. These data can be worked up mathematically in more that one way to yield the rate law. 

The actual form of the rate law can be very different for different reactions, and further discussion will focus on a specific example, the substitution of bromide by iodide using ethyl bromide as the substrate.
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Because reproducible reaction rates require that the medium be homogenous, either gas phase or solution, a solvent is chosen that will dissolve all reactants. 

The experimentally observed rate law for this process has the form (Et  = ethyl):

                                                  rate  = k[EtBr][NaI]

frequently given as:   rate  =  k[EtBr][I–]  because the concentrations of I– and NaI are necessarily equal.

In measuring the reaction rate, one can measure the decrease in concentration of any reactant with time, or the increase in concentration of any product with time. They must be equal in this case.  Expressed mathematically,
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The Rate Constant

The above rate law expresses the fact that the reaction rate here is directly proportional to the ethyl bromide concentration and also directly proportional to iodide concentration. The proportionality constant, k, is called the 'specific reaction rate constant' or more simply the rate constant for the reaction being investigated. The magnitude of k depends on the reaction; fast reactions will have large rate constants and vice versa. When the kinetics of reactions are discussed quantitatively, it is the rate constant that is reported. The rate constant is usually temperature dependent, increasing with increasing temperature. (A useful rule of thumb is that the rate constant approximately doubles for every 10 degree increase in temperature, for a reaction taking place near room temperature.) Therefore a rate constant applies only to a particular temperature. When the rate law is being investigated, the temperature is carefully controlled at some constant value.

The reaction rate and the associated rate constant are frequently different in different solvents. The solvent is always specified when a rate constant is reported. The effect of solvent polarity on reaction rates can sometimes give useful information about the reaction mechanism.

The Concept of Reaction Order

Chemists who deal with reaction kinetics define what is called the order of a reaction or its associated rate law, as well as the order with respect to each reactant. It is easiest to start with the order with respect to any reactant, which refers to the power to which that reactant's concentration is raised in the observed rate law. Because any number raised to the first power equals the number itself, each of the concentrations in the above rate law is raised to the first power. (The exponent, 1, is understood and not shown explicitly in the equation.) The reaction is said to be first order with respect to ethyl bromide concentration, and first order with respect to sodium iodide concentration (first order in [EtBr], and first order in [NaI]). The overall order of the reaction and its rate law is the sum of the exponents of the concentrations in the rate law. In the above case, the sum equals 2, so the rate law (as well as the reaction) is said to be second order.

Other hypothetical examples, for the reaction of A  +  B  to give C  +  D:

          rate  =  k[A]2[B]         second order in [A] and first order in [B], overall a third                                                                      order rate law

          rate  =  k[A]                               first order in [A], zero order in [B], overall a first order   

                                                             rate law

Units for Rate Constants

The units for the rate constant, k, depend on the order of the rate law. The units can be determined by solving the rate law for k, and making appropriate cancellations. For example, if time is expressed in seconds, the k for a first order reaction can be seen to have the units, s–1, from the following:
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In a similar way, it can be shown that k for a second order reaction has the units, L mol​–1s–1 .
Reaction Rates and Activation Energies

The rate constant for a reaction depends on the temperature. Arrhenius developed the mathematical relationship that describes this observed dependence, and the equation is named after him. The Arrhenius equation has the form (first approximation):
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R is the ubiquitous gas constant, and T is the absolute temperature. A and Ea are constants characteristic of the reaction under investigation. Because Ea has the units of energy, kinetic theorists have postulated that this energy is related to the activation energy for the reaction. This is where activation energies come from. The greater the activation energy, the slower the reaction.

The constant, A, is postulated to be related to the statistical probability that the transition state can come together in the right way. The greater this probability, the faster the reaction. The values of A and Ea can be determined experimentally by measuring the rate constant at several temperatures, and working up the data in a standard way.  

Reaction Kinetics and Reaction Mechanisms

The observed rate law for a reaction is a useful tool in helping to establish the reaction mechanism. Any proposed mechanism must be consistent with the observed rate law, although more than one mechanism might be consistent. The rate law doesn't establish a mechanism, but it puts limits on what the mechanism might be. There is a way of predicting what the rate law should be for any given proposed reaction mechanism. The rate law for a reaction cannot be predicted from the balanced equation for the reaction.

Variations

Sometimes the rate law can be quite complex, even for simple reactions. For example, for the thermal reaction of elemental hydrogen with elemental bromine in the gas phase,
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the rate law has the following form:
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In this case, the order with respect to bromine concentration can't be defined, nor can the overall order of the rate law. The form of the rate law is a consequence of the fact that this reaction involves a free radical chain mechanism, and is inhibited by the product HBr.

The Concept of Molecularity

Molecularity is a word that applies to the elementary steps in a reaction mechanism.  It does not apply to the overall reaction or to the rate law.

Many elementary steps involve two things colliding in some way to create something new. A step of this kind is referred to as a bimolecular step. The things combining don’t need to be molecules.  They can be radicals, ions, or other intermediates in a reaction mechanism. If an elementary step involves only one thing coming apart or rearranging, such a step is called unimolecular.  Occasionally, an elementary step will involve three things simultaneously colliding to create something new. Such a step is called termolecular, although they are very rare because the probability of these three things colliding with the right energy and the right spatial orientation is very small.

