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 DFT studies to correlate acidity and catalytic activity trends of the ionic liquids 14 
 Estimation of activation energy (34.8 kJ mol−1) from kinetic modeling 15 

 16 

ABSTRACT 17 

A series of SO3-H functionalized environmentally benign Bronsted acidic ionic liquids were 18 

prepared using triethylamine, 1-methyl imidazole, pyridine, diethanolamine, 1, 4–butane sultone 19 

and methane sulfonic acid as the starting materials. These synthesized ionic liquid catalysts were 20 

characterized using spectroscopic tools like 1H NMR, 13C NMR. The catalytic activity of the 21 

synthesized ionic liquids was investigated in tert-butylation of phenol with tert-butyl alcohol. The 22 

effect of kinetic parameters like reaction time, reaction temperature, reactant mole ratio, reactant 23 
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to catalyst mole ratio, on the conversion of phenol and selectivity to 2-tert-butyl-phenol and 2,4-24 

di-tert-butyl-phenol were investigated. Phenol conversion upto 94.2% was achieved at temperature 25 

as low as 80°C and low alcohol to phenol molar ratio of 2:1, ionic liquid to phenol ratio of 1:1 and 26 

reaction time of 2 hours. The catalyst was found to retain its activity even after 8 recycles and was 27 

completely recoverable. The plausible reaction mechanism was formulated based on product 28 

distribution. The kinetic data was found to agree well with classical phenomenological models and 29 

the kinetic parameters were estimated. The experimental results were further validated by Density 30 

Functional Theory (DFT) optimizations of the ionic liquid structures performed at the B3LYP/6-31 

311G** level using Gaussian 09 package. 32 

Keywords: Ionic liquids; Alkylation; phenol; tert-butyl alcohol; tert-butylation; 2,4-di-tert-butyl 33 

phenol; Density Functional Theory 34 

1. Introduction 35 

 Alkylation of phenol with tert-butyl alcohol (TBA) is an industrially important Friedel-Crafts 36 

reaction for the production of the fine chemicals, mainly 2-tert-butyl-phenol (2-TBP) and 2, 4-di-37 

tert-butyl-phenol (2, 4-DTBP) [1]. All the products of this reaction are important lipophilic phenols 38 

used in the production of antioxidants in food industry. These tert-butylated phenols are also used 39 

as additives in jet fuels,  petroleum products, cosmetics, pharmaceuticals, rubber manufacturing, 40 

varnishes, printing inks and also as polymerization inhibitors, UV absorbers, antiseptic and 41 

embalming fluids [1-12]. Several investigations on the tert-butylation of phenol using both 42 

homogeneous and heterogeneous catalysts, Lewis acids like AlCl3 and BF3 [2], Bronsted acids like 43 

HF, H3PO4, H2SO4, and HClO3 [3], mesoporous materials [4, 5], near critical as well as super 44 

critical water [6], cation-exchange resins [7], zeolites [7, 8], heteropoly acids [5], solid sulfanilic 45 

acids [9] are reported till date. However, most of the homogeneous liquid acid catalysts are 46 
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environmentally hazardous due to their corrosive nature. The solid acids have the disadvantages 47 

of rapid deactivation by coking and pore blocking as well as solid waste disposal problem. The 48 

cation-exchange resins are not thermally stable to be used in industry [10]. Hence, the need for 49 

greener routes using environmentally benign catalysts is recognized by many researchers. During 50 

the last two decades, ionic liquids, with their tremendous potential both as solvents and catalysts 51 

have evolved immensely as a solution to most of the problems involving catalytic reactions. Room 52 

temperature ionic liquid (RTIL) catalysts, with negligible vapor pressure, ease of separation from 53 

reaction products, excellent thermal stability and almost complete recyclability, have been 54 

considered to be a solution for most of the above mentioned problems [11-20]. However, reports 55 

on alkylation of phenol with TBA using ionic liquid catalysts are scanty [13-20]. Moreover, 56 

Density Functional Theory (DFT) studies on correlating the properties of ionic liquids in catalytic 57 

reactions are almost negligible. Shen et al. reported imidazole based Lewis acidic ionic liquid, 58 

[bmim] PF6 in catalyzing the alkylation of phenol with TBA [13, 14]. However, these Lewis acidic 59 

ionic liquids produce corrosive acids. Gui et al. reported a set of imidazole based Bronsted acidic 60 

ionic liquids with SO3-H as the active functional group. This process is, however, not viable for 61 

large scale alkylated phenols production because of the inherent toxicity of these ionic liquids due 62 

to the presence of the imidazole ring [18]. Elavarasan et al. reported a set of SO3-H functionalized 63 

Bronsted acidic ionic liquids with 86% phenol conversion [20] and Liao et al. made an effort to 64 

correlate the activities of the Bronsted acidic ionic liquids using DFT optimizations of the 65 

structures in Gaussian 09 [21]. In the present study, we report highly energy efficient 94.2% 66 

conversion of phenol using environmentally benign SO3-H functionalized room temperature ionic 67 

liquids in alkylation of phenol with TBA. DFT calculations were used to correlate the experimental 68 

acidity trends of these ionic liquids and hence, to explain their high catalytic activity in this 69 
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reaction. Further those results were used to validate the effect of acidity and functionality variation 70 

on the alkylation mechanism. 71 

 The effect of kinetic parameters like reaction time, temperature, reactant mole ratio, catalyst 72 

to reactant mole ratio on phenol conversion were investigated and these parameters were optimized 73 

in a batch reactor. Based on the product distribution, a reaction mechanism was proposed for the 74 

alkylation of phenols using functionalized ionic liquid catalysts. The kinetic data was fitted to 75 

various models reported in literature [20] and the best fit model was used to estimate the kinetic 76 

parameters. The activation energy was finally calculated using the Arrhenius equation. 77 

2. Experimental 78 

2.1. Chemicals 79 

 A series of Bronsted acidic ionic liquids with SO3-H functionality were synthesized following 80 

the procedure outlined in literature [20, 22-24]. 1-methyl imidazole was purchased from Sigma 81 

Aldrich Chemicals Pvt. Ltd., UK. Triethylamine, pyridine and diethanolamine were purchased 82 

from Spectrochem Chemicals, India. 1, 4–butane sultone was purchased from Sigma Aldrich 83 

Chemicals Pvt. Ltd, Germany. Phenol and TBA were purchased from Merck Chemicals Pvt. Ltd, 84 

Mumbai, India. 85 

2.2. Synthesis of ionic liquids 86 

 As a general methodology for ionic liquid preparation, the individual amine was mixed with 87 

1, 4-butane-sultone and stirred at 60-80°C for 12-18 hours. Resultant zwitterionic solid was 88 

washed three times with diethyl ether and then dried under vacuum (120°C, 0.01 Torr). Finally, 89 

equivalent amount of methane sulfonic acid was added to the solidified zwitterionic mass and 90 

stirred at 80°C for 4-7 hours to obtain the ionic liquid. The structures of the synthesized ionic 91 

liquids are shown in Fig. 1. All the chemicals were research grade and were used without further 92 

purification unless otherwise stated. 93 
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2.3. Characterization of synthesized ionic liquids 94 

 The prepared ILs were characterized by 1H NMR and 13C NMR spectroscopy using Bruker 95 

ARX-300 spectrometer. Thermo gravimetric analysis (TGA) was performed using a TG 209 F3 96 

Tarsus instrument. UV-Visible spectra were recorded on a Shimadzu UV-2450 instrument. 97 

2.3.1. Characterization of ionic liquids by NMR 98 

 IL-1 [N-(4-sulfonic acid) butyl triethylammonium methane sulfonate]: 1H NMR (D₂O, 99 

300 MHz): ∂ (ppm) 0.953 (t, 9H), 1.501 (m, 4H), 2.475 (s, 3H), 2.644 (t, 2H), 2.888 (t, 2H), 2.967 100 

(q, 6H), ∂(ppm)=4.80 [Solvent peak (D₂O)]; 13C NMR (D2O, 75 MHz): δ(ppm) 4.301, 17.552, 101 

18.975, 36.151, 47.677, 50.244, 53.600. 102 

 IL-2 [1-(4-sulfonic acid) butylimidazolium methane sulfonate]: 1H NMR (DMSO, 300 103 

MHz): δ (ppm) 1.542 (m, 2H), 1.879 (m, 2H), 2.125 (s, 1H), 2.416 (s, 3H), 3.856 (s, 3H), 4.186 (t, 104 

2H),  4.293 (t, 2H), 7.713 (d, 1H), 7.778 (d, 1H), 9.148 (s, 1H), δ (ppm)= 2.508 [Solvent peak 105 

(DMSO)]; 13C NMR (DMSO, 75 MHz): δ (ppm) 21.065, 28.065, 30.274, 35.318, 48.044, 49.982, 106 

121.895, 123.206, 136.209, δ (ppm)= 39.006 [Solvent peak (DMSO)]. 107 

 IL-3 [1-(4-sulfonic acid) butylpyridinium methane sulfonate]: 1H NMR (DMSO, 300 108 

MHz): δ (ppm) 1.615 (m, 2H), 2.022 (m, 2H), 2.281 (s, 1H), 2.580 (s, 3H), 2.603 (t, 2H), 4.677 (t, 109 

2H), 8.169 (t, 2H), 8.613 (t, 1H), 9.096 (d, 2H), δ (ppm)= 2.511 [Solvent peak (DMSO)]; 13C 110 

NMR (DMSO, 75 MHz) : δ (ppm) 20.5389, 28.9577, 49.6571, 60.7467, 75.6754, 127.9776, 111 

143.8474, 145.3695, δ (ppm)= 38.2471 [Solvent peak (DMSO)]. 112 

 IL-4 [N, N-bis(2-hydroxyethyl)-(4-sulfonic acid)-1-aminium methane sulfonate]: 1H 113 

NMR (DMSO, 300 MHz): ∂(ppm) 1.640 (m, 2H), 1.733 (m, 2H), 2.410 (s, 3H), 3.020 (m, 1H), 114 

3.160 (m, 1H), 3.221 (t, 2H), 3.301 (t, 2H), 3.658 (t, 2H), 3.742 (t, 4H), 3.933 (broad m, 4H), ∂ 115 
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(ppm)= 2.513 [Solvent peak (DMSO)]; 13C NMR (DMSO, 75 MHz): δ (ppm) 21.790, 22.396, 116 

49.280, 53.338, 55.913, 57.993, 63.651, δ (ppm)= 39.510 [Solvent peak (DMSO)]. 117 

2.3.2. Thermo Gravimetric Analysis of ionic liquids 118 

 The thermal decomposition temperatures of the ILs were obtained using TG 209 F3 Tarsus at 119 

a heating rate of 10 K/min, under nitrogen atmosphere.  Thermal decomposition temperature of 120 

IL-1, IL-2, IL-3 and IL-4 were observed at 312ºC, 324.8ºC, 366.9ºC and 326ºC respectively. 121 

2.3.3. Acidity of ionic liquids 122 

 To compare the Bronsted acidity of different ionic liquids, UV-Visible spectroscopy was used 123 

as mentioned in literature [25-30]. As a general methodology 4-nitro aniline (pKa value of 0.99) 124 

was chosen as a basic indicator to abstract proton from the Bronsted acidic ionic liquids in water. 125 

The variation in acidity was evaluated in terms of the measurable ratio of the unprotonated and 126 

protonated indicator concentration ratio, [B]aq/ [BH+]aq. The Hammett function (H0) was then 127 

calculated using equation 1 as shown below: 128 

଴ܪ = ௔௤(ܤ)ܭ݌ + log	([ܤ]௔௤/[ܪܤା]௔௤)      (1) 129 

 Where, pK(B)aq is the pKa value of the indicator in aqueous solution. The terms [BH+]aq and 130 

[B]aq are protonated and unprotonated indicator molar concentrations in the solvents respectively. 131 

The blank solution of 4-nitro aniline in water showed absorbance maxima at 381 nm. Fig. 2a shows 132 

the absorbance of IL-1 solution at different concentrations. The Hammett function of the other 133 

ionic liquids prepared in the laboratory was also found by similar procedure, and the results are 134 

shown in the Fig. 2b. From the figure, it is clear that the four ionic liquids possess strong acidity 135 

which is very important for this acid-catalyzed reaction. 136 
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2.3.4. Catalytic testing 137 

 A series of activity tests using these laboratory synthesized ionic liquids were carried out in a 138 

3 mL polytetrafluoroethylene (PTFE) sealed Borosil glass reactor under autogeneous pressure 139 

placed on a magnetic stirrer. In a typical batch run, 1 mmol each of phenol, TBA and ionic liquid 140 

were taken in the reactor and stirred for 5 hours at 80ºC. The product mixture was analyzed both 141 

using a NUCON GC supplied by AIMIL India Ltd. equipped with a CHROMSORB-WHP (2 m × 142 

3.175 mm × 2 mm) column and flame ionization detector (FID). The carbon balance was checked 143 

and found to be more than 99.9% while ring balance was obtained to be more than 97.9%. 144 

2.3.5. Computational methods 145 

 MATLAB 8.4 software version was used to perform the optimization in the kinetic modeling. 146 

The DFT studies were performed using Gaussian 09 software [31]. Geometry optimizations of 147 

different ionic liquids were performed at the B3LYP level using the 6–311++G (d, p) basis set. A 148 

vibrational analysis was also performed for each optimized structure to check the absence of 149 

negative frequency which, in turn, confirms the structure to be an energy minimum. The basis set 150 

superposition errors (BSSEs) were confirmed to be negligible by the counterpoise method [32, 151 

33]. Chemcraft software was used to calculate the optimized structural parameters 152 

(http://www.chemcraftprog.com/). The initial structure of all the ionic liquids was started from the 153 

all Trans conformer. The stabilization energy (ΔE) was calculated as the difference between the 154 

energy of the ionic liquid subtracted from the sum of energies of the pure cation and anion as 155 

shown in equation 2: 156 

(ଵି݈݋݉	ܬ݇)	ܧ∆ = (ݐ݅݊ݑ	ܿ݅݉݋ݐܽ)ூ௅ܧ] − ஼ܧ) + [(ݐ݅݊ݑ	ܿ݅݉݋ݐܽ)(஺ܧ ∗ 2622.9901 (2) 157 
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3. Results & Discussion 158 

3.1. Comparison of activity of the four ionic liquid catalysts 159 

 A comparative study of the activity of the prepared ionic liquids with that of the already 160 

available catalysts was performed in this reaction [29]. From Table 1, it is obvious that all the ionic 161 

liquid catalysts gave high phenol conversion at 80°C temperature. The selectivity to 2-TBP and 2, 162 

4-DTBP was higher as compared to the other products compared to literature reports in all cases. 163 

Interestingly, IL-2 and IL-3 showed higher selectivity towards the 2, 6-di-tert-butyl phenol (2, 6-164 

DTBP) in comparison to IL-1 and IL-4. The reason can be attributed to the sterically hindered 165 

transition state in the formation of the di-ortho substituted phenol, 2, 6-DTBP. Both IL-1 and IL-4 166 

consisting of bulky alkyl chains do not favor the transition state geometry and hence, less selectivity 167 

to 2, 6-DTBP. In case of IL-2 and IL-3 the selectivity towards 2, 6-DTBP was obtained to be as high 168 

as 36.5% and 41.6% respectively. Among the four ionic liquid catalysts, IL-1 gave 94.2% phenol 169 

conversion at 80°C reaction temperature and phenol: TBA: IL mole ratio of 1:2:1 within 2 hours of 170 

reaction time. These reactions were repeated at least five times and the results were found to be 171 

similar. The TOF of IL-1 was observed to be highest at 1.543 min-1.  IL-1 was found to be the most 172 

promising catalyst as well as least toxic [30]. Hence, IL-1 was chosen for further detailed kinetic 173 

evaluation. The improved efficiency of this ionic liquid as compared to those with similar 174 

functionality, reported in prior art [20], can be attributed to the solubility factor imparted by the 175 

methane sulfonate anion of IL-1. The presence of this anion resulted in improved solubility of TBA 176 

leading to more reaction with IL-1 to form IL-esters. The product distribution obtained during the 177 

detailed kinetic study helped us to understand the reaction mechanism. 178 

3.2. Effect of reaction time on phenol conversion 179 

 To investigate the effect of reaction time on phenol conversion and the selectivity to 2-TBP 180 

and 2, 4-DTBP, a series of reactions were conducted at different temperatures and different 181 
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reactant mole ratios. The results are summarized in Fig. 3a. It is evident from the figure that most 182 

of the phenol conversion was obtained within the first 2 hours of the reaction and, thereafter, 183 

reached steady state. The maximum conversion of phenol was observed to be 94.2%, while the 184 

selectivity to 2-TBP and 2, 4-DTBP reached 24.3% and 52.9% respectively after 2 hours. Beyond 185 

two hours, the conversion of phenol reached steady state. At 30 minutes reaction time, the 186 

selectivity to 2-TBP was 43.9% and beyond that selectivity to 2, 4-DTBP increased. The selectivity 187 

to the other dialkylated product, 2, 6-DTBP also increased slowly up to 13.5% after 5 hours of 188 

reaction time. This significantly lower selectivity towards 2, 6-DTBP can be attributed to the 189 

sterically hindered reaction mechanism of C-alkylation at both the ortho positions of phenol. Thus, 190 

the formation of 2, 6-DTBP is less likely for this type of ionic liquids and hence, selectivity is less 191 

[20]. Also, no significant ether product was observed during the reaction steps.  This means that 192 

the mechanism proceeds via alkylation at ortho position followed by tert-butylation at the para 193 

position.   194 

3.3. Effect of reaction temperature 195 

 A series of reactions were conducted in the temperature range of 40°C to 120°C using 196 

different reactant mole ratios for 5 hours. The conversion of phenol decreased significantly beyond 197 

100°C since the dealkylation reaction becomes prominent as reported by earlier researchers [20, 198 

35-36]. Higher temperatures also lead to dehydration of TBA followed by oligomerization, which 199 

in turn, suppresses dialkylated product selectivity [37]. At lower temperature, the extent of 200 

reactions were restricted by mass transfer limitations due to the increased viscosities of the ionic 201 

liquid which was also observed by Gu et al. [34]. Fig. 3b summarizes the results obtained for the 202 

alkylation reaction conducted in the temperature range of 50°C to 100°C up to 2 hours of reaction 203 

time and 1:2:1 phenol: TBA: IL-1 mole ratio. With increase in temperature from 50°C to 80°C, 204 

the conversion of phenol increased from 40.4% to 94.2%. Beyond 80°C, there is a decrease in 205 
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phenol conversion which may be attributed to the vaporization of TBA whose boiling point is 206 

82°C. At 60ºC, IL-1: phenol mole ratio of 1:1 and TBA: phenol mole ratio of 2:1, the selectivity 207 

to 2, 4-DTBP is high (65.5%) and with the increase in temperature, the selectivity to 2, 4-DTBP 208 

decreased up to 52.9% at 80ºC. This decrease in selectivity to 2, 4-DTBP can be attributed to the 209 

decreasing concentration of tert-butyl cation which is more stable at lower reaction temperatures. 210 

The conversion of phenol reached a maximum at reaction temperature of 80°C with moderate 211 

selectivity to 2, 4-DTBP of 52.9%. Hence, considering higher phenol conversion and moderate 212 

selectivity to the desired main product, the reaction temperature of 80°C was taken as optimum 213 

for further kinetic investigations. 214 

3.4. Effect of TBA to phenol mole ratio 215 

 The effect of increase in reactant mole ratio (TBA to phenol) from 0.5 to 4 was investigated 216 

keeping the temperature at 80°C and IL to phenol mole ratio at 1:1. The results are shown in Fig. 217 

3c. The TBA to phenol mole ratio of 2:1 gave the highest phenol conversion beyond which the 218 

conversion of phenol decreased due to dilution of the catalyst by TBA and also due to formation 219 

of oligomers. As the amount of TBA increased, at a constant IL-1 to phenol molar ratio, the 220 

conversion of phenol and selectivity to 2-TBP also increased. While the selectivity to 2, 4-DTBP 221 

decreased gradually with the increase in amount of TBA. This trend in product selectivity indicates 222 

that increased amount of TBA concentration leads to dilution of the acidity of the ionic liquid 223 

catalysts [20, 35]. Thus, the dealkylation becomes predominant and conversion to ortho substituted 224 

phenol, 2-TBP increases in this kinetically controlled reaction regime. The reaction mechanism 225 

proceeds via C-alkylation, favoring the ortho substituted phenol. Hence, considering the phenol 226 

conversion as well as product selectivity, the optimum TBA to phenol mole ratio is 2:1 at a constant 227 

IL-1 to phenol molar ratio of 1:1, temperature of 80°C and a reaction time of 2 hours. 228 
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3.5. Effect of catalyst to phenol mole ratio  229 

 The effect of increase in IL-1 to phenol mole ratio from 0.5 to 5 on the phenol conversion and 230 

product selectivity was investigated at 80°C keeping TBA to phenol molar ratio constant at 2:1. 231 

Fig. 3d shows a gradual increase in phenol conversion as the amount of IL to phenol mole ratio to 232 

1:1.  Thereafter, phenol conversion remained almost constant. The selectivity to 2-TBP and 2, 4-233 

DTBP showed opposite trends with increased amount of IL-1 to phenol molar ratio. The selectivity 234 

to 2-TBP increased from 19.4% to 58.6% as IL-1 to phenol molar ratio increased from 0.5 to 5, 235 

while the selectivity to 2, 4-DTBP decreased from 66.4% to 16.4%. The decreased selectivity 236 

towards dialkylated products can be attributed to the increased amount of IL-1 in the reaction 237 

mixture which does not favor the sterically hindered dialkylation reaction step [34]. Since, the 238 

conversion of phenol was highest at IL-1 to phenol molar ratio 1:1, it was considered to be the 239 

optimum catalyst to reactant molar ratio at 80°C within 2 hours of reaction time. 240 

3.6. Recyclability of ionic liquid 241 

 The recyclability of these prepared ionic liquid catalysts was found to be high when compared 242 

to ionic liquids reported [20] in literature for similar reactions. The residual trace amount of 243 

products of the alkylation reactions were separated from the ionic liquids by extracting with 244 

toluene (5 × 3mL). The resultant layer of the catalyst was washed with diethyl ether (5 × 3mL) 245 

and then dried under vacuum (10 mm of Hg) for 4-5 hours at 125°C. The purity of the recovered 246 

ionic liquid catalysts was checked by comparing with 1H NMR, 13C NMR, etc. as well as thin 247 

layer chromatography of the pure ionic liquid showing negligible amounts of products and 248 

unconverted reactants. No significant amount of oligomerized products were formed at 80ºC.  The 249 

other unreacted reactants or products were highly soluble in the washing solvents used. Hence, 250 

the ionic liquids showed high recyclability. The results of the recycle experiments conducted using 251 
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IL-1 are summarized in Table 2. IL-1 was found to maintain significant activity even after 8 252 

recycles. 253 

3.7. Effect of acidity on phenol conversion 254 

 Fig. 2b shows the Hammett acidity function (H0) values of the synthesized ionic liquids. 255 

From the figure it is evident that the order of acidity of the ionic liquids is IL-4>IL-1>IL-2>IL-3. 256 

DFT studies on the ionic liquid structures were performed to correlate the acidity trend. The ionic 257 

liquid structures were first geometrically optimized to a minimum using Gaussian 09 program as 258 

shown in Fig. 4. Then, the different structural parameters as well as the thermochemical energy 259 

values were calculated and used to explain the acidity of the ionic liquids. The optimized structural 260 

parameters are summarized in Table 3. The structural parameters for the ionic liquids were 261 

compared with literature [18] reported ionic liquid, 1-methyl-3-(butyl-4-sulfonate) imidazolium 262 

hydrogen sulfate (IL-0), having similar functionality with those reported in this study used in 263 

similar type of reactions. The structural parameters for IL-0 were used to compare the 264 

experimental and theoretical acidity values of the ionic liquids as also reported by Liu et al. [21]. 265 

There are two parameters controlling the acidity of the ionic liquids: (i) the interaction between 266 

the cationic species of the ionic liquids with the anion (expressed in terms of stabilization energy) 267 

and (ii) the hydrogen bonding capability between the anionic O atoms and the cationic acidic 268 

proton of O-H bond [21]. Thus, the acidity trend in ionic liquids cannot be directly correlated with 269 

the cationic O-H bond distances. The acidic O-H bond lengths in the cationic part are in the order 270 

of IL-0>IL-3>IL-2>IL-1>IL-4. Again, the stabilization energies of the ionic liquids are in the 271 

order of IL-0>IL-2>IL-3>IL-1>IL-4. Hence, the cation and anion are loosely bound in IL-4 or IL-272 

1 than in IL-0, IL-2 or IL-3. The distance between anion and the cation in terms of hydrogen 273 

bonding are in the order of IL-4>IL-1>IL-2>IL-3>IL-0, exactly in the opposite order of the acidic 274 

O-H bond distances. Thus, when the hydrogen bonding is weak, the stabilization energy is also 275 
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low and the ion pair is loosely bound. Hence, the acidic proton of SO3-H group will be more active 276 

and more will be the acidity of the corresponding ionic liquid. The relative acidity trend from 277 

these DFT calculations can be summarized as IL-4>IL-1>IL-2>IL-3, which is in agreement with 278 

the experimental results. Surprisingly, IL-4 with the shortest cationic O-H bond distance has the 279 

strongest acidity because of the other two dominating parameters. Hence, it is obvious that both 280 

IL-1 and IL-4, with their strong acidity as compared to IL-2, IL-3 and IL-0, proved to be promising 281 

catalysts in this alkylation reaction. Table 1 shows increase in phenol conversion with acidity for 282 

IL-1, IL-2 and IL-3. However, IL-4 with the highest acidity shows lower phenol conversion which 283 

may be attributed to its increased viscosity due to the presence of -OH groups increasing the H-284 

bonding capability. IL-1 with its optimum acidity and viscosity showed higher catalytic activity 285 

in the reaction. 286 

3.8. Kinetic modeling 287 

 Kinetic runs were conducted at four different temperatures, from 60°C to 100°C at 10°C 288 

interval. At each temperature, the product samples were collected at regular time intervals. In all 289 

these runs, the TBA to phenol mole ratio was kept at 2:1 and the phenol to catalyst mole ratio was 290 

1:1. The tri substituted product (2, 4, 6-tri-tert-butyl phenol) was detected in very small amounts 291 

compared to other isomers. Since, no ether product was obtained, the conversion of tert-butyl 292 

phenol ether (TBPE) to 2-TBP was not considered in the model. In accordance with the product 293 

distribution, a reaction mechanism was proposed as shown in Fig. 5. Based on this mechanism, 294 

the system can be described by the following reaction scheme as shown in between equations 3 to 295 

9: 296 

Conversion of phenol: 297 

       (3) 298 
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Isomerization of monoalkylated phenols: 299 

             (4) 300 

Alkylation of 2-TBP: 301 

         (5) 302 

         (6) 303 

Alkylation of 4-TBP: 304 

         (7) 305 

Isomerization of dialkylated phenols: 306 

           (8) 307 

Conversion of ether to 2-TBP: 308 

             (9) 309 

 Model parameters were estimated by minimizing the objective function, as shown in equation 310 

10, which is the sum of squares of errors between the predicted and measured values for all the 311 

state variables for a dynamic run: 312 

݂ = ∑ ∑ ௜௝ݔ) − ଴,௜௝)ଶ௠ݔ
௝ୀଵ

௡
௜ୀଵ        (10) 313 

 Where, x is computed value, x0 is observed value, n is total number of state variables and m 314 

is total number of observations.  315 
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 The program requires the input data in six main steps described as follows: 316 

 Model equations (Given in Sec. 3.8.1). 317 

 Number of model parameters (k1 to k11). 318 

 Initial, lower and upper bounds of the parameters. 319 

 Starting, final and sampling times for experimental data. 320 

 Number of state variables (There are 7 state variables starting from CP (conc. of phenol) 321 

to CW (conc. of water). 322 

 Experimental measurements of state variables. 323 

3.8.1 Batch reactor kinetic model 324 

 The rate equations considered in the kinetic model for all the individual reactions involved in 325 

the alkylation are as follows (equations 11 to 17): 326 

Alkylation of phenol: 327 

ௗ஼ು
ௗ௧

= −݇ଵ ∗ ௉ܥ ∗  ஻஺               (11)  328்ܥ

Rate of conversion of TBA: 329 

ௗ஼೅ಳಲ
ௗ௧

= −݇ଵ ∗ ௉ܥ ∗ ஻஺்ܥ − ݇ସ ∗ ଶି்஻௉ܥ ∗ ஻஺்ܥ + ݇ହ ∗ ଶ,ସି஽்஻௉ܥ ∗ ௐܥ − ݇଺ ∗ ଶି்஻௉ܥ ∗ ஻஺்ܥ +330 

݇଻ ∗ ଶ,଺ି஽்஻௉ܥ ∗ ௐܥ − ଼݇ ∗ ସି்஻௉ܥ ∗ ஻஺்ܥ + ݇ଽ ∗ ଶ,ସି஽்஻௉ܥ ∗  ௐ      (12) 331ܥ

Rate of formation of 2-TBP: 332 

ௗ஼మష೅ಳು
ௗ௧

= −݇ଵ ∗ ௉ܥ ∗ ஻஺்ܥ − ݇ଶ ∗ ଶି்஻௉ܥ ∗ ଶି்஻௉ܥ + ݇ଷ ∗ ସି்஻௉ܥ ∗ ସି்஻௉ܥ − ݇ସ ∗ ଶି்஻௉ܥ ∗333 

஻஺்ܥ + ݇ହ ∗ ଶ,ସି஽்஻௉ܥ ∗ ௐܥ − ݇଺ ∗ ଶି்஻௉ܥ ∗ ஻஺்ܥ + ݇଻ ∗ ଶ,଺ି஽்஻௉ܥ ∗  ௐ    (13) 334ܥ

Rate of formation of 4-TBP: 335 

ௗ஼రష೅ಳು
ௗ௧

= ݇ଵ ∗ ௉ܥ ∗ ஻஺்ܥ + ݇ଶ ∗ ଶି்஻௉ܥ ∗ ଶି்஻௉ܥ − ݇ଷ ∗ ସି்஻௉ܥ ∗ ସି்஻௉ܥ − ଼݇ ∗ ସି்஻௉ܥ ∗336 

஻஺்ܥ + ݇ଽ ∗ ଶ,ସି஽்஻௉ܥ ∗  ௐ              (14) 337ܥ
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Rate of formation of 2, 4-DTBP: 338 

ௗ஼మ,రషವ೅ಳು
ௗ௧

= ݇ସ ∗ ଶି்஻௉ܥ ∗ ஻஺்ܥ − ݇ହ ∗ ଶ,ସି஽்஻௉ܥ ∗ ௐܥ + ଼݇ ∗ ସି்஻௉ܥ ∗ ஻஺்ܥ − ݇ଽ ∗339 

ଶ,ସି஽்஻௉ܥ ∗ ௐܥ + ݇ଵ଴ ∗ ଶ,଺ି஽்஻௉ܥ ∗ ଶ,଺ି஽்஻௉ܥ − ݇ଵଵ ∗ ଶ,ସି஽்஻௉ܥ ∗  ଶ,ସି஽்஻௉   (15) 340ܥ

Rate of formation of 2, 6-DTBP: 341 

ௗ஼మ,లషವ೅ಳು
ௗ௧

= ݇଺ ∗ ଶି்஻௉ܥ ∗ ஻஺்ܥ − ݇଻ ∗ ଶ,଺ି஽்஻௉ܥ ∗ ௐܥ − ݇ଵ଴ ∗ ଶ,଺ି஽்஻௉ܥ ∗ ଶ,଺ି஽்஻௉ܥ + ݇ଵଵ ∗342 

ଶ,ସି஽்஻௉ܥ ∗  ଶ,ସି஽்஻௉               (16) 343ܥ

Rate of formation of Water: 344 

ௗ஼ೈ
ௗ௧

= ݇ଵ ∗ ௉ܥ ∗ ஻஺்ܥ + ݇ସ ∗ ଶି்஻௉ܥ ∗ ஻஺்ܥ − ݇ହ ∗ ଶ,ସି஽்஻௉ܥ ∗ ௐܥ + ݇଺ ∗ ଶି்஻௉ܥ ∗ ஻஺்ܥ −345 

݇଻ ∗ ଶ,଺ି஽்஻௉ܥ ∗ ௐܥ + ଼݇ ∗ ସି்஻௉ܥ ∗ ஻஺்ܥ − ݇ଽ ∗ ଶ,ସି஽்஻௉ܥ ∗  ௐ      (17) 346ܥ

 Where, CP, CTBA, C2-TBP, C4-TBP, C2,4-DTBP, C2,6-DTBP and CW  are the concentrations  of 347 

respective components, and k1 to k11 are the second order rate constants. A comparison of 348 

experimental and predicted phenol conversion with time at 80ºC is shown in Fig. 6a. The predicted 349 

data fits well with the experimental measurements at five different temperatures 60ºC, 70ºC, 80ºC, 350 

90ºC and 100ºC. The optimized parameters are summarized in the Table 4. The value of the 351 

activation energy and pre-exponential coefficient were obtained for each of the rate constants after 352 

plotting ln (k) vs 1/T as shown in Fig. 6b (shown for k1 only). 353 

4. Conclusions 354 

 SO3-H functionalized room temperature Bronsted acidic ionic liquids were prepared in the 355 

laboratory using a greener approach and characterized using spectroscopic techniques. The acidity 356 

was optimized to suite the alkylation reaction chosen. A highly efficient and greener route for 357 

selective liquid phase tert-butylation of phenol with TBA, in room temperature ionic liquids, was 358 

systematically conducted in a batch autoclave under autogeneous pressure. The kinetic parameters 359 

like temperature, reaction time, reactant ratio, catalyst to reactant ratio were optimized. DFT 360 
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studies on the ionic liquid structures were performed and from the calculated structural parameters 361 

the experimental acidity trends were correlated. The synthesized ionic liquids proved to be very 362 

efficient catalysts for this alkylation reaction. They are inexpensive, completely recoverable and 363 

recyclable. Catalytic amount of the laboratory prepared IL-1 showed very high phenol conversion, 364 

complete alcohol conversion and high dialkylated product selectivity at low temperatures. Thus, 365 

these Bronsted acidic ionic liquid catalysts show promise for the development of a continuous, 366 

environmentally benign, energy efficient and economical process route for the production of 367 

alkylated phenols. The activation energy for the ionic liquid catalyzed alkylation process was 368 

estimated to be 34.8 kJ mol-1 with a pre-exponential factor value of 28.7 lit. mol-1 min-1. 369 

Acknowledgement 370 

 Tanmoy Patra thanks Council of Scientific and Industrial Research, India, for a research 371 

fellowship.  372 



18 
 

5. References 373 

[1] G.A. Olah, Friedel-Crafts and Related Reactions, 1st edition, Interscience Publishers, New 374 

York, 1963. 375 

[2] R.D. Kirk, D.F. Othmer, Kirk-Othmer Encyclopedia of Chemical Technology, vol. 2, 3rd ed., 376 

Wiley Interscience, New York, 1978. 377 

[3] A.A. Carlton, J. Org. Chem. 13 (1948) 120. 378 

[4] A. Sakthivel, S.E. Dapurkar, N.M. Gupta, S.K. Kulshreshtha, P. Selvam, Microporous 379 

Mesoporous Mater. 65 (2003) 177–187. 380 

[5] N. Bhatt, P. Sharma, A. Patel, P. Selvam, Catal. Commun. 9 (2008) 1545–1550. 381 

[6] K. Chandler, C.L. Liotta, C.A. Eckert, D. Schiraldi, AIChE J. 44 (1998) 2080–2087. 382 

[7] E. Dumitriu, V. Hulea, J. Catal. 218 (2003) 249–257. 383 

[8] K. Zhang, H. Zhang, G. Xiang, D. Xu, S. Liu and H. Li, Appl. Catal. A, 207 (2001) 183-190. 384 

[9] F. Adam, K. Mohammed Hello, T. Hussein Ali, Appl. Catal. A: General 399 (2011) 42-49. 385 

[10] M.A. Harmer and Q. Sen, Appl. Catal. A., 221 (2001) 45-62. 386 

[11] T. Welton, Chem. Rev. 99 (1999) 2071–2084. 387 

[12] P. Wasserscheid, W. Keim, Angew. Chem. 39 (2000) 3772–3789. 388 

[13] H.Y. Shen, Z.M.A. Judeh, C.B. Ching, Tetrahedron Lett. 44 (2003) 981–983. 389 

[14] H.Y. Shen, Z.M.A. Judeh, C.B. Ching, Q.H. Xia, J. Mol. Catal. A: Chem. 212 (2004) 301–390 

308. 391 

[15] A.B. Shinde, N.S. Shrigadi, S.D. Samant, Appl. Catal. A: Gen. 276 (2004) 5–8. 392 

[16] K. Ojha, N.C. Pradhan, A.C. Samanta, J. Chem. Eng. 112 (2005) 109–115. 393 

[17] S. Chowdhury, R.S. Mohan, J.L. Scott, Tetrahedron 63 (2007) 2363–2389. 394 



19 
 

[18] J. Gui, H. Ban, X. Cong, X. Zhang, Z. Hu, Z. Sun, J. Mol. Catal. A: Chem. 225 (2008) 27–395 

31. 396 

[19] N.V. Plechkova, K.R. Seddon, Chem. Soc. Rev. 37 (2008) 123–150. 397 

[20] P. Elavarasan, K. Kondamudi, S. Upadhyayula, Chemical Engineering Journal 166 (2011) 398 

340–347. 399 

[21] X. Liao, Sheng-Guang Wang, X. Xiang, Y. Zhu, X. She, Y. Li, Fuel Processing Technology 400 

96 (2012) 74–79. 401 

[22] J. Fraga-Dubreuil, K. Bourahla, M. Rahmouni, J.P. Bazureau and J. Hamelin, Catal. Comm. 402 

3 (2002) 185-190. 403 

[23] W. Keim, W. Korth and P. Wasserscheid, WO 016902 Al, March 30, 2000.  404 

[24] J. Gui, X. Cong, Dan Liu, X. Zhang, Zhide Hu and Z. Sun, Catal. Commun. 5 (2004) 473-405 

477. 406 

[25] G.P. Smith, A.S. Dworkin, R.M. Pagni, and S.P. Zingg, J. Am. Chem. Soc. 111 (1989) 525-407 

530. 408 

[26] D. King, R. Mantz and R. Osteryoung, J. Am. Chem. Soc. 118 (1996) 11933-11938. 409 

[27] C. Thomazeau, H. Olivier-Bourbigou, L. Magna, S. Luts and B. Gilbert, J. Am. Chem. Soc., 410 

125 (2003) 5264-5265. 411 

[28] Y. Yang and Y. Kou, Chem. Commun. (2004) 226-227. 412 

[29] Zh. Duan, Y. Gu, J. Zhang, L. Zhu and Y. Deng, J. Mol. Catal. A, 250 (2006) 163-168. 413 

[30] K. Kondamudi, P. Elavarasan and S. Upadhyayula, J. Mol. Catal. A, 321 (2010) 34-41. 414 

[31] Frisch, M. J.; et al. Gaussian 09, Revision C. 01; Gaussian, Inc.: Wallingford, CT, 2010. 415 

[32] S. F. Boys and F. Bernardi, Molecular Physics, 19-4 (1970), 553–566. 416 



20 
 

[33] S. Simon, M. Duran, and J. J. Dannenberg, Journal of Chemical Physics, 105-24 (1996), 417 

11024–11031. 418 

[34] Y. GU, F. Shi and Y. Deng, Catal. Commun. 4 (2003) 597-601. 419 

[35] S. Subramanian, A. Mitra, C.V.V. Satyanarayana and D.K. Chakrabarty, Appl. Catal. A 159 420 

(1997) 229-240. 421 

[36] G.D. Yadav, N.S. Doshi, Appl. Catal. A: General 236 (2002) 129–147. 422 

[37] J. I. de Jong, RECUEIL, 83 (1964) 469-476. 423 

Fig. 1. Structure of ionic liquids. 424 

Fig. 2. Relative acidity measurements using UV-Visible spectroscopy: a) Absorption spectrum of 425 

4-nitroaniline for different concentration of IL-1 in H2O, b) Hammett Function (acidity) of ILs in 426 

water with 4-nitroaniline as indicator (pKa=0.99), Amax=381 nm. 427 

Fig. 3. Kinetics study for alkylation of phenol with tert-butyl alcohol: a) Effect of reaction time on 428 

phenol conversion and product selectivity, b) Effect of reaction temperature on phenol conversion 429 

and product selectivity, c) Effect of TBA to phenol mole ratio on phenol conversion and product 430 

selectivity, d) Effect of catalyst (IL-1) to phenol mole ratio on phenol conversion and product 431 

selectivity. 432 

Fig. 4.  Optimized structure of different ionic liquids: a) Structure of IL-0, b) Structure of IL-1, c) 433 

Structure of IL-2, d) Structure of IL-3, e) Structure of IL-4. 434 

Fig. 5. Proposed reaction mechanism involving IL-1. 435 

Fig. 6. Kinetic parameter estimation from kinetic modeling: a) Comparison of experimental and 436 

predicted concentrations in alkylation of phenol with tert-butyl alcohol using IL-1 at 80ºC, b) 437 

Arrhenius plot for rate constant, k1. 438 

 439 
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Table 1. Activity of the various catalysts in alkylation of phenol with TBA 440 

Catalysts 
Temperature 

(0C) 
Mole ratio 

(TBA: phenol) 
Conversion 

(%) 
% Selectivity 

2-TBP 4-TBP 2, 4-DTBP 2, 6-DTBP 
IL-1a 80 2:1 94.2 24.3 10.9 52.9 11.9 
IL-2a 
IL-2a 

70 
80 

2:1 
2:1 

72.6 
77.4 

19.9 
20.2 

21.8 
7.2 

36.4 
36.1 

21.9 
36.5 

IL-3a 
IL-3a 

70 
80 

2:1 
2:1 

70.1 
78.2 

23.8 
14.1 

12.9 
5.1 

48.9 
39.2 

14.4 
41.6 

IL-4a 
[bmim]PF6 [13] 

[hbim-SO3H] HSO4 
[18] 

[TEA-(CH2)4-SO3H] 
HSO4 [21] 

80 
70 
70 

 
70 

2:1 
2:1 
2:1 

 
2:1 

82.5 
91.5 
80.3 

 
84.5  

26.5 
13.1 
25.8 

 
23.8 

12.1 
9.4 
9.0 

 
10.2 

45.6 
74.9 
60.2 

 
57.6 

15.8 
2.6 
5.1 

 
7.4 

TPA/TiO2 [5]b 80 6 :10 60.0 3.6 96.4 - - 
Mordenite [7]c 60 6 :10 44.8 48.1 49.1 2.8 - 

USY [7]d 

RHAPhSO3H [22]e 
70 
120 

6 :10 
1 :2 

52.7 
57.0 

63.0 
42.0 

23.0 
22.0 

13.1 
2.0 

- 
 

TPA/MCM-41[14]f 70 2 :1 44.8 29.0 49.0 21.2 - 
 441 

 a Reaction Conditions: phenol (1 mmol), TBA (1 to 2 mmol), ionic liquid (1 mmol); stirring 442 

speed= 800 rpm; reaction time: 2 h. 443 

b Reaction Conditions: 250mg catalyst; reaction time: 1 h. 444 

c Reaction Conditions: 200mg catalyst; reaction time: 3 h. 445 

d Reaction Conditions: 200mg catalyst; reaction time: 8 h. 446 

e Reaction Conditions: 50mg mass of catalyst; reaction time: 9 h. 447 

f Reaction Conditions: 282mg catalyst; reaction time: 4 h. 448 

 449 
 450 

 451 

 452 
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Table 2. Recyclability of ionic liquids 453 

Experimental 
Run 

% Conversion with 
respect to Phenol 

% Selectivity 

2-TBP 4-TBP 2, 4-DTBP 
Fresh Catalyst 94.2 24.3 10.9 52.9 

Recycle 1 93.9 23.9 9.2 54.2 

Recycle 2 93.5 23.6 9.6 53.4 

Recycle 3 93.9 24.4 11.1 52.1 

Recycle 4 93.0 23.7 10.1 53.0 

Recycle 5 92.4 22.3 9.6 53.9 

Recycle 6 91.1 21.6 9.1 54.9 

Recycle 7 90.4 20.3 8.6 55.9 

Recycle 8 90.1 20.2 8.1 56.9 

 454 
Reaction conditions: phenol (1 mmol): TBA: IL-1 (1:2:1) molar ratio; 80ºC; 2 h. 455 

 456 
 457 
 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 
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 467 

Table 3. DFT Study - Structural parameters and stabilization energy values for the ionic liquids  468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

 479 

 480 

 481 

Bond type IL-1 IL-2 IL-3 IL-4 IL-0 

Cationic O-H bond 

distance (Å) 

1.022  1.049 1.421 1.021 1.491 

O-H bond distance 

between  anionic O  

and cationic H (Å) 

1.545  1.446  1.059 1.546 1.036 

ΔE (kcal/mole) -1447.215 -1620.129 -1541.095 -1391.998 -1728.352 
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 482 

 483 

 484 

Table 4: Kinetic parameters for alkylation of the phenol with tert-butyl alcohol using ionic liquid (IL-485 

1) as a catalyst. 486 

Rate Constant 
(lit. mol-1 min-1) 

Temperature (0C) Activation 
energy 
(Ea) (kJ 
mol-1) 

Pre-
exponential 

factor 
(lit. mol-1 min-1) 

60 70 80 90 100 

k1
 0.93× 10-

4 
1.31× 10-

4 
1.91× 10-4 2.75× 10-

4 
3.50× 10-4 34.8 28.74 

k2 0.55× 10-

4 
0.73× 10-

4 
0.92× 10-4 1.06× 10-

4 
2.16× 10-4 31.5 4.8 

k3 0.27× 10-

4 
0.75× 10-

4 
1.12× 10-4 7.44× 10-

4 
10.79× 10-

4 
99.4 1.2× 1011 

k4 2.10× 10-

5 
2.93× 10-

5 
3.32× 10-5 3.80× 10-

5 
5.20× 10-5 20.0 31.7 

k5 0.1× 10-5 0.4× 10-5 0.5× 10-5 1.00× 10-

5 
1.20× 10-5 54.6 6.3× 102 

k6 0.19× 10-

3 
0.34× 10-

3 
1.03× 10-3 1.41× 10-

3 
1.97× 10-3 62.7 1.6× 106 

k7 0.01× 10-

2 
0.02× 10-

2 
0.025× 

10-2 
0.5× 10-2 3.06× 10-2 158.4 3.4× 1020 

k8 0.92× 10-

3 
1.70× 10-

3 
5.84× 10-3 6.07× 10-

3 
7.1× 10-3 55.8 6.6× 104 

k9 0.75× 10-

4 
1.21× 10-

4 
2.23× 10-4 8.22× 10-

4 
84.34× 10-

4 
115.4 6.6× 1013 

k10 1.20× 10-

5 
2.90× 10-

5 
4.90× 10-5 8.30× 10-

5 
17.8× 10-5 67.1 4.7× 105 

k11 0.3× 10-5 0.8× 10-5 2.5× 10-5 8.0× 10-5 10.1× 10-5 98.0 8.4× 109 

 487 



25 
 

 488 

Fig 1 489 

 490 

Fig 2 491 



26 
 

 492 

Fig 3 493 
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 494 

Fig 4 495 
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Fig 5 497 
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 498 

Fig 6 499 


