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Chapterr 5 

Descriptionn of Datasets 

andd Experimental Set-Up 

5.11 Introduction 

Inn this Chapter, four different experimental datasets used in this thesis are described. 

AA short summary of the datasets can be found in the Appendix. Dataset 1 contains 

short-wavelengthh near-infrared (SW-NIR)1'2 measurements of a two-step epoxidation 

performedd under pseudo-first order conditions. Dataset 2 contains ultraviolet-visible 

(UV-Vis)1'22 measurements of a two-step biochemical reaction also performed under 

pseudo-firstt order conditions at a certain pH. At a different pH the same reaction has 

beenn monitored using UV-Vis spectroscopy performed under pseudo-first order 

conditionss and second order conditions, resulting in dataset 3 and dataset 4, 

respectively. . 

Forr dataset 2, 3 and 4, pure spectra of some of the reacting absorbing species 

involvedd in the reaction have been measured. This is described in this Chapter 

togetherr with the experimental set-up, dataprocessing and the repeatability of 

experiments. . 

5.22 A two-step epoxidation reaction 

5.2.15.2.1 Description of the reaction 

Thee two-step consecutive epoxidation of 2,5-di-/er/-butyl-l,4-benzoquinone using 

to7-butylto7-butyl hydroperoxide and Triton B catalyst ' was monitored in time using 

SW-NIRR spectroscopy. The reaction consists of the following two steps:1 

U+U+  V —*--» w+z 

W+W+ V —**-  Y+Z 

11 In this thesis, reaction rate constants with Arabic subscript are second order reaction rate constants and 

reactionn rate constants with numerical subscript are (pseudo-) first order reaction rate constants. 
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withh second order reaction rate constants ka and k  ̂both in VT'min"1. Species U, V, W\ 

YY and Z are specified in Table 1. 

Tablee 1. The species involved in the SW-NIR dataset. 

Species s 

U U 

V V 

W W 

Y Y 

Z Z 

2,5-di-terr-butyl-1,4-benzoquinone e 

tert-buXy\tert-buXy\ hydroperoxide 

2,5-di-fórt-butyll  mono-epoxide-1,4-benzoquinone 

ciss and trans 2,5-di-te/7-butyl di-epoxide-l,4-benzoquinone 

/erf-butyll  alcohol 

Noo distinction was made between the cis and trans product (species Y) of the second 

stepp of the reaction, because the spectral differences are negligible in SW-NIR.4 

Thee first and second reaction step are both second order reactions. However, if 

speciess Fis present in large excess, the first and second reaction step become both 

pseudo-firstt order reactions with pseudo-first order reaction rate constants k\ (min"1) 

andd kj (min"1), respectively. Hence, Equation (6)-(8), defined in Section 2.2 of 

Chapterr 2, can be used in order to describe the concentration profiles of the reactant 

(speciess U), intermediate (species W) and main-product (species Y) of the reaction, 

respectively. . 

5,2.25,2.2 Sample preparation 

AA cuvette was filled with 0.264 g (1.2 mmol) of 2,5-dWer/-butyl-l,4-benzoquinone, 

ass synthesized by the procedure described by Hairfield et al. A melting point of 

152-153°CC was obtained for 2,5-dWer/-butyl-l,4-benzoquinone. The reported melting 

pointt is 152.5°C. Next, 2,5-di-fó/7-butyl-l,4-benzoquinone was dissolved in 15 ml 

dioxanee (Acros 99+%) and 1.55 ml (12 mmol) of a fó/7-butylhydroperoxide 70% 

(Acros)) solution in water and 13.21 ml ethanol (BDH Laboratory Supplies, pro 

analysis)) were both added. After the target reaction temperature had been reached, 

dataa collection was started immediately after addition of 0.24 ml ice-cold Triton B 

catalystt (Acros, 40 wt. % in methanol) in 0.50 ml ethanol and 0.60 ml dioxane. The 

excesss of /er/-butylhydroperoxide in moles was ten times 

2,5-di-/er/-butyl-l,4-benzoquinone.. At this excess, pseudo-first order kinetics may be 

assumed. . 
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5.2.35.2.3 Experimental set-up 

Thee experimental set-up is shown in Figure 11. To measure SW-NIR spectra, a 

Hewlettt Packard 8453 UV-Vi s spectrophotometer with diode array detection was 

used.. A quartz cuvette with 10.00 cm pathlength (Hellma Benelux) was used to obtain 

spectraa of the reaction mixture. On both sides of the cuvette, a small unit of glass was 

gluedd to be able to thennostate the cuvette. The cuvette contained two stirring 

modules.. Water was pumped from a constant temperature bath (Neslab) through the 

coolingg units of the cuvette. A Pt-100. which is a thermocouple, connected to the 

constantt temperature bath was used inside the cuvette to control the temperature. To 

obtainn a temperature below room temperature an immersion cooler (Haake) was used 

too cool the water of the constant temperature bath. 

Constant t 
Temperature e 

Bath h 

Light t 
source e 

Personal l 
Computer! ! 

Water r 
Flow w 

Cuvette! ! 
Diode e 
arrav v 

Pt-100 0 

—— — - Constant 
Temperature e 
Box x 

Figuree 11. The experimental set-up. 

Thee cuvette was placed in a special constructed cell holder. The 

spectrophotometerr and the cuvette were placed in a home-made air thcrmostated box. 

too avoid the influence of temperature fluctuations of the surroundings. The box 

temperaturee was controlled by a constant temperature bath (Haake). A Hewlett 

Packardd Vectra XM2 Chemstation (lntelDX4-100 MHz with 16 MB RAM and a 

8000 MB harddisk) using the Hewlett Packard software was used to collect and store 

thee data. The experimental conditions are listed in Table 2. Fight individual batch 

processs runs were performed at identical conditions which are labeled dataset 1 in this 

thesis. . 

43 3 



ChapterChapter 5 

Tablee 2. Experimental conditions. 

Reactionn Temperature 

Integrationn Time 

Samplingg Time 

Totall  Run Time 

Wavelengthh Range 

Wavelengthh interval 

Numberr of Measured Spectra 

11 7 °C 

11 s 

55 s 

12000 s 

800-11000 nm 

1.00 nm 

241 1 

5.2.44 Dataprocessing 

Inn order to remove offset and drift, second-derivative spectra were estimated using a 

Savitzky-Golayy filter6 using a window size of 15 wavelengths. To stress the spectral 

featuress of the appearing and disappearing species, second derivative difference 

spectraa were calculated after subtracting the fourth measured spectrum from all the 

otherr spectra remaining. The first three measured spectra were not used for 

dataprocessingg because of the moderate reproducibility of these spectra. The small 

wavelengthh range 860-880 nm was used for dataprocessing. If this wavelength range 

iss used the spectral features arc only caused by the three species which were 

monitoredd (species U, Wand Y). The second-derivative difference spectra of one 

individuall  batch process run are shown in Figure 12. The first and last measured 

spectraa are indicated. From Figure 12 it is obvious that a moderate signal to noise ratio 

iss present. 

-11 , . . 
8600 865 870 875 880 

Wavelengthh (nm) 

Figuree 12. The second derivative difference spectra of one individual batch process run. 
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Inn case of using the WCR algorithm, described in Section 2.6 of Chapter 2, the 

datamatrixx with measured spectra of the reacting system was truncated into three 

singularr values. For the two-way methods starting values of 0.30 min" and 0.05 min" 

weree used for k\ and k2, respectively, based on the estimates of these reaction rate 

constantss obtained by others. 

Dataa processing was performed in the Matlab environment (Version 5.2, The 

Mathworkss Inc.) on a Pentium 133 MHz Computer with 64 MB RAM and a 1.2 GB 

harddisk. . 

5.2.55.2.5 The repeatability of experiments 

Thee repeatability, tfhatch, for /batch process runs was calculated using Equation (50).7 

-£||X^X|f f 
R^-R^-1L1L^ l̂l  *i°o% (50) 

wheree X, is the spectral matrix for experiment i and X is the averaged spectral matrix 

obtainedd from the J individual experiments. 

Thee repeatability was equal to 23.28% for dataset 1. This poor repeatability is 

mainlyy a consequence of the small differences in absorbances of the species and the 

errorr propagation due to taking the second derivative. 

5.33 A two-step biochemical reaction 

5.3.!5.3.! Description of the reaction 

Thee two-step consecutive reaction of 3-chlorophenylhydrazonopropane dinitrile with 

2-mercaptoethanol8'99 was monitored using UV-Vis spectroscopy. The reaction 

consistss of the following two steps: 

U+yU+y *  > w 

IV—IV—̂ ->^-> Y+Z 

withh second order reaction rate constant ka (M^min"1) and first order reaction rate 

constant*;; (min'1). Species U. V, W, Y and Z are specified in Table 3. 

Iff  species F is present in large excess the first step of the reaction becomes 

pseudo-firstt order with pseudo-first order reaction rate constant k\ (min" ). Hence, 

Equationn (6)-(8). from Section 2.2 of Chapter 2. can be used in order to describe the 
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concentrationn profiles off/. Wand Y, respectively. A detailed reaction mechanism of 

thee reaction described is given in Figure 13. 

Tabicc 3. The species involved in the UV-Vis dataset. 

Species s 

U U 

V V 

w w 
Y Y 

Z Z 

3-chlorophenylhydrazono-propanee dinitrile 

2-mercaptoethanol l 

intermediatee adduct 

3-chlorophenylhydra7:ono-cyanoacetamide e 

ethylenesulphide e 

UU N V 

Figuree 13. The reaction mechanism. 

5.3.25.3.2 Sample preparation 

Al ll  chemicals were used as received without further purification. An amount of 

0.05299 g (0.2585 mmol) of species £/(Acros, 99+%) was dissolved in water using a 

minimumm volume of 0.1 moll"' NaOH (Baker Chemicals. 98.8%) to give a stock 

solutionn of 1.034 mmoll"1. This stock solution was diluted into a working solution 

containingg 51.71 umoll"1 of species U, buffered with KH2P04 (Acros. pro analysis 

0.22 moll" . pH 4.4). The pH of the working solution was equal to 5.4. This working 

solutionn had to be prepared freshly every day. At this pH. species [/was 
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supersaturatedd and slowly crystallized from the solution after a couple of days. This 

wass not observed by Bisby and Chau.89 The cuvette was filled with 2.5 ml of the 

workingg solution. When the temperature inside the cuvette had reached the target 

temperature,, data collection was started upon addition of 10 ul of a F-solution, which 

containedd 35.65 umol of species V, by means of a pipette. This F-solution consisted of 

2500 ul pure K(Acros, 99%) and 750 ul KH2P04 buffer solution. However, if pure 

speciess V is added it will take some time to mix with the reaction mixture. This 

mixingg time can be reduced if species Kis already in the same buffer solution as the 

bufferr solution used to create the reaction mixture. The excess of species Kin moles 

wass 276 times species U. 

Thee reaction described was also performed using an other pH of the working 

solution.. At a pH of 5.2 of this solution, experiments were performed where the 

excesss of species Fin moles was 265 times species U. The reaction was also 

investigatedd under second order conditions for three specific ratio's of initial 

concentrationn of both reactants (species £/and species V). The ratio's G;,o:CV,o were 

chosenn equal to 1:4, 1:5 and 1:6. The pH of the working solution in case of second 

orderr kinetic experiments was also equal to 5.2. 

5.3.35.3.3 Experimental set-up 

Thee experimental set-up used, was equal to the experimental set-up described in 

Sectionn 5.2.3 of this Chapter. However, in this case a quartz cuvette with 1.00 cm 

pathlengthh was used to obtain spectra of the reaction mixture. The experimental 

conditionss are given in Table 4 for pseudo-first order experiments. 

Porr second-order experiments, the experimental conditions were equal to those 

listedd in Table 4 apart from the sampling time and total run time, which were equal to 

20ss and 5400s, respectively. 

Inn case of a pH of the working solution equal to 5.4, ten experiments were 

performedd at identical pseudo-first order conditions which are labeled dataset 2 in this 

thesis.. For a pH of 5.2 the pseudo-first order experiment was repeated 32 times which 

iss labeled dataset 3 in this thesis. At the same pH, the second order experiment was 

repeatedd six times for three specific ratio's of initial concentrations of both reactants. 

II  lence. in total 18 second order experiments wrere performed which are labeled 

datasett 4 in this thesis. The spectra of one individual batch process run are shown in 

Figuree 14 for pseudo-first order conditions and second order conditions using a pH of 

thee working solution of 5.2 in both cases. The spectra obtained under pseudo-first 

orderr conditions are similar for a pH of 5.4 and a pH of 5.2. From Figure 14 it is 
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Tablee 4. The experimental conditions. 

Reactionn Temperature 

Integrationn Time 

Samplingg Time 

Totall  Run Time 

Wavelengthh Range 

Wavelengthh interval 

Numberr of Measured Spectra 

255 °C 

11 s 

10s s 

27000 s 

200-6000 nm 

1.00 nm 

271 1 

Pseudo-Firstt Order Second order 

Wavelengthh (nm) Wavelength (nm) 

Figuree 14. The spectra of one individual batch process run performed under pseudo-first order 

andd second order conditions. 

obviouss that in case of second order conditions, very small absorbances differences 

aree obtained in time compared to the absorbancc differences for pseudo-first order 

conditions.. A reason for this, is that if second order conditions are chosen the first 

reactionn step is very slow, which results in these small absorbance differences in time. 

Becausee of the slow first reaction step, the intermediate formed reacts fast into the 

product. . 

5.3.45.3.4 Pure spectra 

Inn order to obtain the pure spectrum of the reactant. species V was not added and 21 

spectraa were taken of the reactant for the wavelength range 300-500 nm. The averaged 

spectrumm is an estimate of the pure individual spectrum of species 11. In case of 

datasett 3 and dataset 4. 21 spectra of the reactant were measured and averaged for 

everyy individual batch process run. Hence, every individual batch process run is 

connectedd with an averaged pure spectrum of the reactant. 

Thee pure spectrum of the product was obtained by taking 21 spectra of the 

reactionn mixture after a reaction time of eight hours. This procedure was repeated two 
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timess and even' set of 21 spectra was averaged. Hence, two averaged pure spectra of 

thee product are available. After eight hours, it is assumed that no species U and 

speciess Ware left in the reaction mixture and hence there is approximately 100% 

conversion.. Only species V, species F and species Zare present. However, species V 

andd species Z both have no absorbances in the wavelength range considered. 

Therefore,, it can be assumed that the averaged measured spectrum of the reaction 

mixturee represents the pure spectrum of product species Y. From the reaction rate 

constantt estimates reported in Chapter 6, 7. 8 and 9 of this thesis, it is reasonable to 

assumee that no reactant and intermediate are left after eight hours. The averaged 

measuredd pure spectrum of reactant and product are both shown in Figure 15. From 

thiss figure it is observed that the spectral overlap between both pure spectra shown is 

veryy large. 

Reactant t 

3000 340 380 420 
Wavelengthh (nm) 

460 0 500 0 

Figuree 15. The measured pure spectrum of reactant and product. 

5.3.55.3.5 Dataprocessing 

AA spectrum of KH2PO4 buffer solution was used as blank. The wavelength range 

300-5000 nm was used for dataprocessing. Using this spectral range there are only 

spectrall  features caused by species U, Wand Y. At X < 300 nm species F absorbs and 

by-productt E shows an increasing absorbance. At X > 500 nm there is no significant 

contributionn of the reacting species to the absorbance. The first measured spectrum 

wass not used for dataprocessing because of the moderate reproducibility of this 

spectrum.. In case of using two-way methods for estimating reaction rate constants. 
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startingg values of 0.30 min"1 and 0.05 min"1 were used for k\ and k2, respectively, 

basedd on the estimates obtained by others. ' 

Dataa processing was performed in the Matlab environment (Version 5.2, The 

Mathworkss Inc.) on a Pentium 133 MHz Computer with 64 MB RAM and a 1.2 GB 

harddisk. . 

5.3.65.3.6 The repeatability of experiments 

Thee repeatability was calculated for the UV-Vis datasets using Equation (50) from 

Sectionn 5.2.5 of this Chapter. The repeatability was equal to 0.54% and 1.60% for 

datasett 2 and dataset 3, respectively. For dataset 4, three repeatability numbers were 

calculated,, because there were three different ratio's of initial concentrations of the 

reactantss involved. For a ratio of 1:4, 1:5 en 1:6 the repeatability was equal to 1.28%, 

2.15%% and 1.15%, respectively. Hence, it can be concluded that dataset 3 and 

datasett 4 have a similar repeatability. The repeatability of dataset 2 is excellent for 

spectroscopicc measurements. 

5.44 References 
1.. Workman JJ Jr. 'Interpretive spectroscopy for near infrared'. Appl. Spectrosc. Rev., 1996; 31: 

251-320. . 

2.2. Bums DA, Ciurczak EW. Handbook of Near-Infrared Analysis, Dekker: New York, 1992. 

3.. Hairfield EM, Moomaw EW, Tamburri RA, Vigil RA. 'The epoxidation of 

2,5-di-tert-butyl-t,4-benzoquinone'.. J. Chemical Education, 19S5; 62: 175-177. 

4.. Mayes DM, Kelly JJ, Cailis JB. 'Non-invasive monitoring of a two-step sequential chemical reaction 

withh shortwave near-infrared spectroscopy1, in Near Infra-Red Spectroscopy: Bridging the Cap 

betweenbetween Data Analysis and NfR Applications, ed. by Niidrum KI, Isaksson T, Naes T, Tandberg A. 

Elliss Horwood: Chichester, i992; 377-387. 

5.. Weast RC. Handbook of Chemistry and Physics, Is' Student Edition, Press CRC: Florida. 1988. 

6.. Savitzky A, Golay MJE. 'Smoothing and differentiation of data by simplified least squares 

procedures'.. Anal ('hem., 1964; 36: 1627-1639. 

7.. Smilde AK, Tauler R, Henshaw JM, Burgess LW, Kowalski BR. 'Multicomponent Determination 

off  Chlorinated Hydrocarbons Using a Reaction-Based Chemical Sensor. 3. Medium-Rank Second-

Orderr Calibration with Restricted Tucker Models', Anal Chem., 1994; 66: 3345-3351. 

8.. Bisby RH, Thomas EW. 'Kinetic analysis by the method of nonlinear least squares'.,/. Chemical 

Education,Education, 1986; 63: 990-992. 

9.. Chau V-J, Mok K-W. 'Multiwavelength analysis for a first-order consecutive reaction". Computers 

Chem.Chem. 1992; 16:239-242. 

50 0 


