
Consecutive Reaction Kinetics: The Reduction of Cr(VI) by 
Glutathione 

Objective    
i) To study the first order decay kinetics of the reactant Cr(VI) which absorbs at 370
nm.
ii) To study the first-order evolution and first-order decay kinetics of the thioester
intermediate which absorbs at 430 nm.
iii) To estimate all rate constants graphically and then use those values as best guess
values to initiate the analytical nonlinear regression calculation using Igor Pro software.

Introduction   
Most of the rate processes that take place in biochemical systems cannot be 

described by the fundamental, textbook-type kinetic models, such as simple first order 
or second- order reactions.  Recognizing that fact, many physical chemistry textbooks 
devote a separate section to the kinetics of complex reactions.  Reversible, multistep, 
consecutive reactions are examples of such kinetic models.  They are often relevant to 
biological reactions; moreover, they exhibit fascinating kinetic behavior.  In addition, 
the experimental data are amenable to rigorous interpretation if straightforward 
computer-assisted data acquisition and analysis techniques are used. 

Consider the reaction mechanism in which the reactant, R, reversibly forms an 
intermediate, I, that in turn, is irreversibly converted to the product, P. The mechanism 
is shown in the following scheme: 

         (1) 

We will assume that each elementary step in the mechanism is first order in the 
corresponding reactant species.  The coupled differential equations that account for 
the rate of change in the concentrations of the three species are as follows: 
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When these differential equations are solved exactly, the resulting integrated 
equations for the reactant, R, and intermediate, I, are: 

𝑅 = 𝐴 𝑒!!!! + 𝐵 𝑒!!!!! (5)



𝐼 = 𝐶 𝑒!!!! − 𝐷 𝑒!!!!              (6) 

Figure 1.  Decay of the reactant. 

The reactant follows two simple first-order decay processes associated with the 
forward and reverses reactions and the intermediate exhibits a rise term and a decay 
term.  The magnitude of the decay rate constant of the reactant should match the 
magnitude of the rise constant of the intermediate, since the intermediate evolves from 
the reactant.  However, the decay constant of the reactant will have a negative sign 
and the rise constant of the intermediate will have a positive sign. 

Figure 2. Evolution (rise) and decay of the intermediate. 

The Reaction   
In this experiment, the kinetic behavior of the redox reaction that takes place 

between the tripeptide glutathione, y-L-glutamyl-Lcysteinylglycine (or GSH) and 
Cr(VI) at near- neutral pH is studied.  Two GSH units are coupled together through 
the thiol groups, thus being oxidized to glutathionyl disulfide, GSSG.  In the process, 



Cr(VI), which symbolizes the chromium ion in the +6 oxidation state, is reduced to 
Cr(III). 

 
  
 The reaction is described by the following stoichiometric equation: 
 

2𝐶𝑟𝑂!!! + 6𝐺𝑆𝐻 + 10𝐻!   → 2𝐶𝑟!! + 3𝐺𝑆𝑆𝐺 + 8𝐻!𝑂 
 
This reaction is believed to account, in part, for the toxicity and carcinogenicity of 
chromium (VI).  GSH and GSSH function as a redox couple, both in intracellular and 
plasma environments. An enzyme regulates the appropriate proportion of the 
oxidized GSH to the reduced GSSH species, both of which are involved in other 
intracellular redox reactions.  GSH also functions as a detoxifying agent that scavenges 
reactive species, such as free radicals and peroxides. Thus Cr(VI) has the ability to 
interfere with these processes by causing a depletion of GSH. 
	  
 The reaction mechanism is believed to involve the reversible formation of a 
chromium (VI) thioester intermediate.  There is a subsequent redox step between this 
intermediate and a second molecule of GSH, resulting in the ultimate products, Cr(III) 
and GSSG. 
 

𝐶𝑟𝑂!!! + 𝐺𝑆𝐻 ↔   𝐶𝑟𝑂!!! + 𝐺𝑆𝐻  (𝑡ℎ𝑖𝑜𝑒𝑠𝑡𝑒𝑟) 
 

𝑡ℎ𝑖𝑜𝑒𝑠𝑡𝑒𝑟 + 𝐺𝑆𝐻   →→   𝐺𝑆𝑆𝐺 + 𝐶𝑟!!   
 
Thus R, I and P are the symbols of Cr(VI), the Cr(VI)-GSH thioester intermediate, 
and Cr(III), respectively. 

 
Experimental Method  
 A nice feature of this reaction is that reactant Cr(VI) and the thioester 
intermediate have reasonably different absorption spectra, rendering the 
spectroscopic study of the reaction very easy and convenient.  This very common 
experimental strategy is based on the linear relationship between the absorbance, A, 
of a specie and its molar concentration, C.  At a given wavelength λ,  we may write 



𝐴 = 𝜀𝑏𝐶   (7) 
where 𝜀   is the molar absorptivity coefficient, and b is the pathlength of the 
absorption cell (usually 1 cm). 
	  
 The time dependence of the Cr(VI) concentration can be followed by monitoring 
its absorbance at 370 nm.  The evolution and decay of the thioester intermediate can be 
followed at 430 nm.  The reaction rate is highly dependent on pH, the nature of the 
buffer, as well as the buffer concentration.  Hence, the reaction conditions have to be 
chosen carefully in order for the system to exhibit well-resolved kinetics. 
	  
Safety Precautions     
 Hand protection must be used when working with chromium compounds. After 
the experiment, dispose of all chromium-containing solutions in a heavy-metals waste 
container. 
 
Procedure  
 You will be give the following aqueous stock solutions: 
0.40 M K2HPO4  (the buffer) 
5.0×10!!  𝑀  𝐻𝐶𝑙      (to adjust the pH) 
1 M HCl and 1 M NaOH (to trim the pH) 
5.0×10!!  𝑀  𝐺𝑆𝐻 (the reductant) 
1.6×10!!  𝑀  𝐾!𝐶𝑟!𝑂! (the oxidant) 
 
Note: Since GSH solutions undergo slow oxidative degradation in air, prepare the 
stock solution in a 50 mL volumetric flask on the day of the experiment and store it in a 
refrigerator if necessary. Small volumes (<10 mL) of the first three solutions are 
needed; 20 mL of the GSH solution is required. 
	  
1. Trim the pH. The pH of the reaction medium must be brought to a value of 6.0.  
Pipet 20 mL of the GSH solution into a test tube or other convenient vessel, such as a 
small beaker or flask into which a pH electrode can be inserted.  Into that vessel 
pipet 4 mL of the K 2 HPO 4 buffer and 6 mL of the HCl solution.  Mix thoroughly, and 
measure the pH.  Add dropwise sufficient 1 M HCl (or NaOH) to bring the pH to 6.0. 
	  
2. Turn on the UV-vis absorption spectrometer.   
 
3. Follow the procedure in the user manual of UV-vis absorption spectrometer to 
perform time-dependent UV-vis absorption measurement. Set the wavelength at 430 
nm. 
 
4. Pipet 3 mL of the pH trimmed reaction solution into a stopper-fitted 1-cm path 
length spectrophotometer sample cell.  Insert into the sample compartment of the 
spectrometer.  Push down the lever.  When the instrument is set to display 430 nm 
time behavior, the 370 nm decay of the reactant will be recorded simultaneously, and 
can be viewed later. Now inject 200 µL of the K 2 Cr2 O 7 solution into the cell solution, 



stopper it, invert it several times, and quickly place it into the cell compartment.   
Quickly press START again. Take data for approximately 40 min. 
 
5. Repeat the procedure if time allows. 
 
6.  With the 430 nm data on the screen, click on the 430 nm spectrum, and save it to 
a file.  Repeat for the 370 nm data. 
	  
7.  Plot your 370 and 430 nm spectra for both kinetic runs, using Igor Pro. 
	  
8. From your plotted spectra in Igor Pro, estimate the values of k1 , k 2 , const, C and D 
for the 430 nm curve. Estimate the values of k1 , k -1 , const, A and B for the 370 nm run. 
You can do this using the nonlinear curve fitting in Igor Pro. 
 
Data Analysis for the 430 nm rise and decay data 
 
𝑦 = 𝑐𝑜𝑛𝑠𝑡 + 𝐶𝑒𝑥𝑝 −𝑘!!𝑡 + 𝐷𝑒𝑥𝑝(−𝑘!𝑡)     (7) 
	  
Where C is positive to fit the decay and D is a negative value to fit the rise. The 
function for curve fitting in Igor Pro will be: 
 
y=m1 + m2*exp(-1*m3*x) + m4*exp(-1*m5*x)      (8) 
 
From your data, estimate the half-lives of the decay (i.e., the time it takes for the 
concentration to decrease by half) and the rise (i.e., the time it takes for the 
concentration to double.)  Calculate the estimated rate constants from the half-lives.  
Use  k =  0.693/t 1 / 2 . These will be the values of m3 and m5.  Estimate the amplitudes (C 
and D) for the individual rise and fall curves.  These will be the values for m2 and m4.  
Estimate the absorbance offset (the const) of the data at time t=0.  This will be the value 
for m1. Enter your estimated values for m1, m2, m3, m4, and m5. Remember m4 will be 
a negative value.  Run the curve fitting.  
 
Your estimated values will be determined as follows: 
 



Figure 3. Example curving fitting for the intermediate. 

RISE 𝑡!/! = 1500 sec     𝑘 = !.!"#
!"##

= 0.00046

DECAY    𝑡!/! = 2500 sec     𝑘 = !.!"#
!"##

= 0.00027

𝑦 = 0.11 + 0.14𝑒!!.!!!"#! − 0.15𝑒!!.!!!"#!      (9)

Data Analysis for the 370 nm data, this is the sum of two exponential decays 
𝑦 = 𝑐𝑜𝑛𝑠𝑡 + 𝐴𝑒𝑥𝑝 −𝑘!𝑡 + 𝐵𝑒𝑥𝑝 −𝑘!!𝑡

Where A and B are positive values to fit the two decay contributions. The function for 
curve fitting in Igor Pro will be: 

y= m1 + m2*exp(-1*m3*x) + m4*exp(-1*m5*x)     (10) 

From  your  data,  estimate  the  half-lives  of  the  two  decays  (i.e.  the  time  it 
takes  for  the concentration  to  decrease by  half).   One will  be evaluated  at  early  
time,  the other  will  be evaluated at late time.  Calculate the estimated rate 
constants from the half-lives.  Use k = 0.693/t1/2.  These will be the values of m3 and 
m5.  Estimate the amplitudes (A and B) for the two decay curves.  These will be the 
values for m2 and m4.  Estimate the absorbance offset (the const) of the data at time 
t=0.  This will be the value for m1. Enter your estimated values for m1, m2, m3, m4, 
and m5.   Run the curve fitting.  

Your estimated values will be determined as follows: 



Figure 4. Example curving fitting for the reactant. 



Time (min) Absorbance 380nm Absorbance 430 nm

0 0.124481569 0.03258284

1 0.1255328 0.04334738

2 0.123103256 0.057439059

3 0.104345357 0.065329787

4 0.099380461 0.072885897

5 0.076851803 0.077349235

6 0.072534742 0.083733909

7 0.086506713 0.084486433

8 0.08494175 0.086236833

9 0.075112884 0.08754742

10 0.079140373 0.089845044

11 0.078580219 0.090334941

12 0.071931352 0.090905969

13 0.080139941 0.092143904

14 0.069440484 0.090506874

15 0.074384609 0.088163251

16 0.074661903 0.088429744

17 0.073813249 0.088177505

18 0.063925776 0.091248529

19 0.057862668 0.08379984

20 0.049553325 0.083495919

21 0.056863103 0.081914606

22 0.05784599 0.084839395

23 0.047854947 0.079695553

24 0.038886134 0.078571632

25 0.054225326 0.076806854

26 0.045287361 0.075532262

27 0.045822376 0.073816121

28 0.055650058 0.074468767

29 0.056713366 0.073320705

30 0.043960776 0.069353272

31 0.034217451 0.06826963

32 0.05661357 0.069135435

33 0.042155377 0.066571783

34 0.046813082 0.065023527

35 0.040197285 0.064636465

36 0.042976548 0.062545281

37 0.037006275 0.062895029

38 0.036164573 0.059650601

39 0.042702652 0.055424462

40 0.035577935 0.055079476
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