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The concept of Linear Free-Energy Relationships (LFER) is applied in different fields of chemistry, such
as toxicology or kinetics. The knowledge of reactivity from the reactant structure can aid biomass
valorization processes by decreasing the number of experiments to carry out in the kinetic modeling
stage. The Taft equation, based on LFER, represents a link between the kinetics and the structure of
the species involved in the reaction, by quantifying polar, steric and resonance effects, also known as
Taft substituent parameters. This equation was used in different reaction systems in different studies,
but none considered the influence of temperature on the steric and polar Taft substituent parameters.
In this work, we investigated this aspect by re-evaluating the substituent parameters of Taft equation
applied to the esterification of levulinic acid by methanol and ethanol, and the saponification of methyl
and ethyl levulinates. Levulinic acid was chosen because it is a promising platform molecule. We found
that the Taft substituent parameters are relatively sensitive to temperature and vary linearly within
the same temperature range, the steric effect decreases by almost double while the polar effect grows
less significantly.

1 Introduction

Developing sustainable, safe and environmentally friendly processes is crucial for modern society.
Using biomass materials, particularly lignocellulosic biomass (LCB), as raw materials can contribute to
this development.’™ LCB is made of cellulose and hemicellulose, which are sugar polymers and lignin
aromatic polymers. The valorization of the sugar fraction, namely cellulose and hemicellulose, leads to
the production of several platform molecules such as levulinic acid or levulinates, furfural, 5-
hydroxymethylfurfural (5-HMF) or its etherified forms 5-alkoxymethylfurfural (5-RMF), glycerol, etc.*
8

Chemical valorization of these sugar fractions raises several questions on which catalyst to use, which
solvent to select, and which models to describe the kinetic and thermodynamic phenomena in a
reliable way. For instance, the production of 5-HMF or 5-RMF is from the solvolysis of simple sugars
using water (H-OH) or alcohol solvent (R-OH).” The hypothesis that there is a relationship between the
alcohol reactivity and its substituent -R can reduce the experimental stage. Indeed, one can study one
alcohol and predict the reactivity of other alcohols via the relationship.



The link between reactant structure and reactivity can be considered as an old quest. In the 30’s, Evans
and Polanyi derived the concept of Linear Free Energy Relationships (LFER) based on the assumption
that there is a linear relationship between the activation free energy and the Gibbs free energy of the
reaction.>™? In a series of closely related atom-transfer reactions, they concluded that the activation
energy varies linearly with the reaction enthalpy.

One should also mention Sterimol parameters developed by Verloop!*™2¢ that evaluate the steric effect
by considering the different spatial subparameters linked to the conformation of the —R group and the
overall interactions between the reactants.

The concept of LFER has led to several equations that quantifies the structure-reactivity parameters
experimentally, such as : Hammett,?” Taft'®23, Charton,?*?’ Grunwald—Winstein, Swain—Lupton
equations. These semi-empirical equations assume a relationship between the substituents (-R)
attached to a functional group and its reactivity in a series. This approach can only be done for a
congeneric series of compounds, meaning sets of compounds that share the same functional group or
reaction center Y (like —COOH, -SH, -NH,, -CO) and have only variations in the substituent -R attached
to this functional group or reaction center (Fig. 1).

R- bonded to reaction center Y R- bonded to quctional group A
A attacks the Functional group A attacks
reaction center Y the reaction center Y

Fig. 1 Reactivity when -R is attached to reaction center Y and when -R is attached to the functional group A.

Predicting thermodynamic and kinetic behavior from reactant structure was a breakthrough in
chemistry and kinetics.?®33 The effects of the substituents (-R) on the reaction center or functional
groups are caused by polar, resonance, and steric effects. For that reason, the different equations
based on LFER consider these effects.

In 1937, Hammett3*3® quantified the effects of the substituent in meta- and para- position in benzene
structure on ester hydrolysis. Taft'>?® extended this approach to aliphatic derivatives and ortho-
substituted aromatic compounds where steric effects are essential. Taft proposed the following
equation derived from LFER concept:

k-Rr(T)
k-me(T)

log =p 0’ (-R)+ 6 E(-R)+V¥ (1)

o k_x(T)is the rate constant at a temperature T of a reaction involving the substituent —R and
k_pme(T) is the rate constant at the same temperature T of the same reaction but involving the
reference substituent, which is the methyl group (CHs-) for Taft equation.

e ¢*(—R) represents the net polar effect of the substituent —R on the functional group or reaction
center. It measures the inductive electron-withdrawing or —donating toward the functional group
or reaction center. From the literature, it only depends on the nature of - R.

e p*isaconstant measuring the importance of the polar effect on a given reaction series. From the
literature, its value can depend on several operating conditions, such as the nature of the reaction
center or functional group and temperature.

e E.(—R) represents the total steric effect due to the substituent —R on the functional group or
reaction center. From the literature, it only depends on the nature of - R.



e {§ is a constant value evaluating the importance of steric effect for a given reaction series. This
value depends also on the nature of the reaction center/functional group and temperature.

e W is a parameter considering the resonance effect between the substituent and the reaction
center.

E;(—R) and 6*(—R) depend on the substituent and are named Taft substituent parameters; whereas
p* and & characterize the reaction kinetics and are named Taft reaction parameters.

For the evaluation of Ec(—R) and a*(—R), Taft used the rates of ester hydrolysis (saponification) and
carboxylic acid esterification. He derived eqn (2) and (3):

k-r(MY\ _ _
(log k—Me(T))A =E;(—R) (2)
i my = (o0 KDY (10 kor(®
0" (-R) = 35 [(IOg k_Me(T))B (IOg k_Me(T)) A] (3)

e Subscripts B and A refer to basic and acidic reactions, respectively,
e Factor 2.48 is a constant introduced to put the estimated polar effects on about the same scale as
for the ones of Hammett scale.

The values of *(—R) and E;(—R) for different substituents is textbook knowledge. As noticed by
MacPhee et al.,*® Dubois et al.3” and Panaye et al.®, the original values were measured at diverse
conditions. Thus, they revisited and unified E(—R) by choosing as reference reaction the acid
catalyzed esterification of carboxylic acids in methanol solvent at 40°C. Strictly speaking, these
parameters should only be used for reactions in methanol solvent at 40°C. In these previous research
papers, kinetic models were not developed, and rate constants were globally evaluated from initial
reaction rates. One should also mention the work of Brandstrém3® and Neuvonen et al.*° to predict the
values of 0*(—R), but they did not include the effect of temperature.

Recently, the application of Taft equation has been successfully tested for different reaction systems:
esterification over homogeneous catalyst,**? esterification over heterogeneous catalyst,*
alkoxysilanes hydrolysis,** carboxylic acid perhydrolysis ** and epoxidation of vegetable oils.*® In 2019,
Wang et al.*” demonstrated that hydrogenation of levulinic acid and its esters follows Taft equation,
but a simplified kinetic model based on power law was used.

To the best of our knowledge, there is a lack of investigation concerning the dependence of 6*(—R)
and E¢(—R) on the reaction temperature. The objective of this study is to fill this gap via the
development of reliable kinetic models, including the proton catalytic effect and reaction equilibrium.
Such investigation is also missing in the use of Sterimol parameters.

In this manuscript, the acid esterification of levulinic acid by methanol and ethanol was studied to
evaluate E;(—R) and the basic saponification of methyl and ethyl levulinate was studied to evaluate
o*(—R). For all these chemical systems, kinetic models were developed to determine the impact of
temperature on the Taft substituent parameters, and water was used as a solvent. Levulinic acid choice
was motivated because it is the starting material of several reactions.*®>2 Both reaction are displayed
in Fig. 2 & Fig. 3:

o [e]

H3C. HsC.
SNOH + ROH =—= 3W(\/MLOR + H,0

(e] o
Fig. 2 Levulinic acid esterification reaction.



or + NaOH —— O Na* + ROH

o

Fig. 3 Alkyl levulinates saponification in NaOH aqueous environment.



2 Experimental
2.1 Chemicals

The following chemicals were used without further purification: levulinic acid (LA) (wt% >=
97%) purchased from Sigma Aldrich. Ethanol absolute (EtOH) (wt% >= 99.7%), methanol
absolute (MeOH) (wt% >= 99.7%) and acetone (wt% 99.8 vol%) were supplied by VWR
Chemicals. Ethyl levulinate (EL) (wt% >= 98%) and methyl levulinate (ML) was purchased from
Acros Organics. Sulfuric acid (wt% >= 98%) was obtained from Honeywell Fukla Chemicals.
Finally, sodium hydroxide pellets was purchased from Panreac. Distilled water (W) was used.

2.2 Procedure

All experiments were carried out in isothermal conditions. Esterification reactions were carried
out in a glass reactor vessel, operating in batch mode at atmospheric pressure. It was equipped
with a jacket, where water was used to heat the system via a thermostat. To avoid any loss of
mass caused by the evaporation, a condenser with water circulating was present and fixed at
15°C. A mechanical stirrer, fixed at 450 rpm, is also present to guarantee a homogeneous
reaction mixture.

Saponification reactions were carried out in a glass reactor vessel, operating in batch mode at
atmospheric pressure, similar to the previous one. It was equipped with a heated jacket, a
reflux condenser, a mechanical stirrer fixed at 450 rpm and a conductivity probe.

During the esterification reactions, samples were taken at different time intervals using a
plastic syringe. During the saponification reactions, the conductivity value was recorded online.

In the esterification kinetic experiments, starting solutions with only one reactant were poured
into the reactor, and the temperature was brought to the desired reaction temperature before
adding the preheated second reactant. The starting solution was a mixture of water and
alcohol, while the preheated second reactant was an aqueous solution of LA (or EL or ML) and
H,S0,.

In the saponification kinetic experiments, a known quantity of solid NaOH was dissolved in
water and poured into the reactor and the temperature was brought to the desired reaction
temperature prior to the addition of the preheated second reactant, which is the preheated
levulinic acid ester (EL or ML).

Tables 1 and 2 show the experimental matrix for the LA esterification by methanol and ethanol,
respectively, while Tables 3 and Table 4 show the experimental matrix for the alkaline
saponification reaction of ML and EL. The initial concentration of LA and the one of the esters
are different in the sets of experiments. It was not possible to use the same initial LA
concentration (LAo) values while performing the saponifications because ML and EL are not
totally soluble in water, thus a lower concentration for them has been considered.

For both esterification and saponification, the operating conditions were varied for reaction
temperature, catalyst, reactant, and product initial concentrations to develop robust kinetic
model.

For esterification experiments, the maximum reaction temperature was linked to the vapor
pressure of the most volatile reactant species, which is the alcohol. To minimize evaporation,
tt was decided that the vapor pressure should be lower than 1 bar, leading to a maximum
temperature of 80 °C for ethanol and 60 °C for methanol. The minimum reaction temperature
was linked to the kinetics of esterification. For ethanol esterification experiments, the kinetics
was too slow when the reaction temperature was lower than 50 °C, and for methanol
experiments, this minimum reaction temperature was found to be 30 °C. By using different
alcohol, this temperature range could vary.

For both esterification and saponification reactions, some experiments (Run 1E & 11E, Run 2M
& 3M, 5SE & 14SE and 65M & 13SM) have been replicated to confirm the repeatability of the
experiments.



Table 1. Experimental matric for LA esterification by ethanol with initial concentrations.

T H2S04 ElLo LAo EtOHo Wo

RUN (o) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L)

1E 60 0.09 0.00 2.33 9.21 10.28

2E 60 0.04 0.00 2.33 9.23 10.30

3E 50 0.09 0.00 2.33 9.23 10.72

4E 80 0.04 0.00 2.33 9.23 9.22

5E 70 0.04 0.00 3.33 6.83 11.58

6E 50 0.07 0.00 2.69 8.06 11.05

7E 80 0.04 0.00 3.37 6.72 11.79

8E 80 0.07 0.00 2.23 8.88 10.92

9E 70 0.00 0.00 3.41 6.82 11.84

10E 60 0.09 0.07 2.25 8.99 10.85

11E 60 0.09 0.00 2.28 9.09 10.93

12E 70 0.09 0.00 3.39 6.78 11.80

13E 50 0.04 0.00 231 9.23 10.93

14 80 0.09 0.00 2.67 8.02 11.23

15 50 0.09 0.00 2.76 8.29 11.35

Table 2. Experimental matrix for LA esterification by methanol with initial concentrations.

T H,S04 LAO Meng MLO Wo

Run (°c) (mol/L) (mol/L) (mol/L) (mol/L) (mol/L)

M 40 0.10 2.30 9.20 0.00 20.7
2M 50 0.10 2.30 9.20 0.00 20.2
3M 50 0.10 2.30 9.20 0.00 20.3
4M 40 0.10 2.16 16.96 0.00 3.9
5M 50 0.05 2.32 9.23 0.00 20.3
6M 50 0.05 2.16 16.94 0.00 34
™ 40 0.10 1.00 1.00 0.00 46.7
8M 60 0.10 0.80 0.82 0.00 47.9
9M 30 0.01 2.02 11.98 0.00 16.5
10M 50 0.09 0.98 4.00 0.20 39.6
11IM 40 0.09 1.39 9.12 0.30 25.8
2M 30 0.07 1.84 5.71 0.28 313
13M 50 0.07 1.45 0.00 0.75 46.1

14M 50 0.10 1.50 0.00 0.75 46.0




Table 3. Experimental matrix for EL saponification with initial concentrations.

Run T(°C) (mEoLI(}L) ('\;3320) Wo (mol/L)
1SE 40 0.30 0.30 52.23
2SE 30 0.30 0.30 52.41
3SE 20 0.30 0.30 52.58
4SE 60 0.30 0.30 51.91
5SE 30 0.10 0.10 54.24
6SE 60 0.10 0.10 51.91
7SE 70 0.10 0.10 53.60
8SE 40 0.20 0.40 52.93
9SE 40 0.20 0.20 53.17
10SE 30 0.20 0.10 53.45
11SE 40 0.20 0.10 53.28
12SE 50 0.20 0.10 53.12
13SE 50 0.10 0.10 53.80

14SE 30 0.10 0.10 54.27




Table 4. Experimental matrix for ML saponification with initial concentrations.

Run T(°C)  MLo(mol/L) NaOHo (mol/L) Wq (mol/L)
1SM 40 0.30 0.30 52.23
2SM 30 0.30 0.30 52.41
3SM 20 0.30 0.30 52.58
4SM 60 0.30 0.30 51.91
55M 30 0.10 0.10 54.24
6SM 50 0.10 0.10 51.91
7SM 70 0.10 0.10 53.60
8SM 40 0.20 0.40 52.93
9SM 40 0.20 0.20 53.17
10SM 30 0.20 0.10 53.45
11SM 40 0.20 0.10 53.28
12SM 50 0.20 0.10 53.12
13SM 50 0.10 0.10 53.80
14SM 30 0.10 0.10 54.27




2.3 Analytical methods

GC-FID was used to measure the concentration of EL and ML in the esterification reactions. The
apparatus is a Scion 436 GC equipped with a flame ionization detector, an autosampler, and a
capillary column (ZB5, 30 m x 0.32 mm x 0.25 um). Helium (99.99%) was the carrier gas used at
a constant flow rate of 1.2 mL min? to transfer the sample from the injector, through the
column, and into the FID-detector. The temperature of the injector and the detector were set
at 250°C, while the program temperature of the oven was as follows: from 50°C (1 min) to
200°C (1 min) at 20°C min™. The injection volume was 1 pL and the split ratio was 1:20. During
the esterification reaction, different samples were collected and diluted with acetone up to a
dilution factor of 10000. In this way, a very low concentration of H,SO4 was present in the GC
column, avoiding any damage. To evaluate the EL and ML concentration in samples, calibration
curves were done between 0 mg L' to 100 mg L? of the two esters.

Concerning the saponification reactions, the hydroxide ion concentration was quantified over
time following the conductivity values through a conductivity device. At first, the Eco Titrator
from Metrohm was used to titrate three samples of the NaOH aqueous solution by using a 0.1
M aqueous solution of HCI. The same was done by titrating against an aqueous solution of
0.001M of HCI three samples of reaction mixture at the final reaction time. For each
saponification, the value of the conductivity was recorded every 15 seconds. This titration
procedure was carried out before and after the reaction to quantify the hydroxide ion
concentration. By knowing the values of [OH-] and the correspondent value for the conductivity
at the initial and final time it was possible to obtain the amount of OH- for every conductivity
value measured during the reaction time by using the formula below:>3>*

Ko—K;

[0H;] = ([0H7] - [0HgD « ({25

)+ loHz1 @)

Eqgn (4) is the hydroxonium ion concentration

where:
- OHj is the hydroxonium ion concentration at time t
- OH,, is the final hydroxonium ion concentration
- OHj is the initial hydroxonium ion concentration
- K, is the initial conductivity value
- K, is the conductivity value at a generic time
- K, is the final conductivity value



2.4 Kinetic modeling

Athena Visual Studio was used to solve the ordinary differential and algebraic equations and
estimate kinetic and equilibrium parameters. This software uses Bayesian inference to analyze
the estimated parameters. The ordinary and algebraic equations were solved simultaneously
by using the DDAPLUS package via a damped Newton method, while the GREGLUS package
could provide optimal parameter estimates with 95% confidence intervals expressed by the
highest probability density (HPD). GREGPLUS also provided the normalized parameter
covariance matrix.>>

Experiments were carried out in isothermal conditions. Material balances was included in
Supplementary Information.

From a previous article,>® we demonstrated that the rate of esterification can be expressed as
Weertication = K& * S22 L+ ([LA] « [ROH] — 2 « [RL] = [H,0]) (5)

k¥ is the rate constant and K¥ is the equilibrium constant of esterification. The term w is to indicate
that these constants were estimated in water solvent.

The equilibrium constant can be derived from a Van’t Hoff expression
K(T) _ -AHP 1 1.
K(Tre) G Tref) (6)

where, K(T) and K(T,es) are the equilibrium constants at a temperature T and a reference
temperature; AH? is the reaction enthalpy, and R is the universal gas constant.

The concentration of hydroxonium ion [H307] in water solvent can be calculated as:
1
[H;0%] =~ > * [HzS04]o +
B0 5 4K (H,50,1y + [H,01 + Ky » [H,0] - Roon (0

where, [H,S04], is the initial concentration of sulfuric acid; Ky; is the second dissociation of sulfuric
acid and Kyyy is the carboxylic acid dissociation (Table S1 in SI). Egn (7) was used to calculate the
concentration of hydroxonium ion during the modeling.

A modified Arrhenius equation was used to estimate the rate constant:®’
In(ke(T) = [In(ke(Teen) + g (1) 8)
Using Egn (8) decreases the correlation between the rate constant and activation energy. The

modified Arrhenius equation was preferred to the Eyring equation because the transmission
coefficient in Eyring equation could be challenging to estimate.

To sum up, during the modeling of esterification reaction, Ethe following kinetic and
thgFmodynamic  constants were estimated: In(Kc(Tref)), T..o MK(Trer) and
. The concentration of alkyl levulinate (methyl or ethyl levulinate) was useo“%s an observable.

R-Tref

For saponification experiments, the reaction is irreversible. Thus, the reaction rate was expressed as
w _
Tsaponification = k‘c’v * [RL] * [OH™] (9)

The concentration of hydroxide was used as an observable. The same appanch was used for the rate
constant, and the following constants were estimated ln(kc(T

The objective function to minimize by GREGPLUS was: OF = (C,yp — Cemmated) .



3 Results and discussion

For clarity, different phenomenological results are present in Supplementary Information
(Figures S1 to S14).

3.1 Experimental results

As shown in the experimental matrix (Tables 1-4), some experiments were performed twice to
ascertain the repeatability of the data (Figures S1&S2 and Figures S9&S10) for both systems.
Temperature effect (Figures S3&S4 and Figures S11&S12), catalyst effect (Figures S7&S8 ) and
molar ratio effect ROH/Carbo and NaOH/ester (Figures S5&S6 and Figures 13&14) were also
investigated. These experiments confirm that the increase in temperature, catalyst and molar
ratio increases the kinetics of the reaction.
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Fig. 4 Normalized ML and EL concentration with time for the esterification at 50 °C and 0.05 M of sulfuric acid, where the error bars are the standard deviation
of repeated measurements.

Fig. 4 shows the normalized concentration of the two esters synthesized over time by comparing Run
5M and Run 13E, conducted at the same operating conditions. The kinetics of LA esterification by
methanol is faster than that by ethanol. Indeed, the methanol molecule is smaller than ethanol, thus
more reactive. In the same way, Fig. 5 depicts the decrease in the normalized ester concentration over
time for two saponification reactions conducted at the same operating conditions.
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Fig. 5 Normalized ML and EL with time for the saponification at 50 °C and initial concentration of NaOH of 0.3M, where the error bars are the standard
deviation of repeated measurement.

Fig. 5 confirms that the saponification of ML is faster than EL. One can also observe that the
saponification reaction is irreversible.



The kinetic modeling for each saponification and esterification was developed using Athena Visual
Studio. Kinetic and thermodynamic constants (eqns (6) and (8)) were estimated at a reference
temperature. These values are summarized in Tables 5&6. Kinetic constants for the esterification of
levulinic acid by ethanol in water solvent were obtained in a previous work.>® Parity plots and
normalized covariance matrices were displayed in SI.

The normalized covariance matrices (Tables S2, S3, S4 and S5) show that the parameters were well-
identified, because no values were higher than 0.95 and lower than -0.95 between the estimated
parameters.*® Parity plots (Figures S15, S16, S17 and S18) show that developed models can well predict
experimental concentrations. Indeed, the coefficient of determination (R?) is higher than 0.90 in each
case. From Tables 4 and 5, credible intervals measured by the 95% marginal highest posterior density
intervals were low, showing the high precision of the estimated constants.

Figs 6 & 7 illustrate the rate constant evolution for LA esterification by methanol and ethanol and for
ML and EL saponification with temperature. A temperature range of [20 — 50]°C was considered. This
temperature range was choosen based on the experimental matrix (Tables 1-4) in order to have a safe

margin of errors for the evaluation of Taft substituent parameters. The mean estimated values are
obtained from

w
ln(k'c’"(Tref)) and RET“ (Tables 5 and 6). The colored area represents the credible intervals, which are
Lref

the 95% marginal HPD intervals.

Fig. 6 shows that the credible interval for ethanol is larger than for methanol, because the estimate
constant credible intervals for LA esterification by methanol are slightly shorter. One can observe that

the rate constant for methanol and ethanol (mean values) are relatively similar in the temperature
range of 20-30 °C.

Fig. 6 shows that the credible intervals for ML saponification are slightly larger than for EL
saponification. One can observe that there is no overlapping for both rate constants, and the rate
constant for ML saponification is the highest one.
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Fig. 6 Rate constant evolution for LA esterification by methanol and ethanol with temperature.
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Fig. 7 Rate constant evolution for ML and EL saponification with temperature.

Table 5. Estimated parameters for ML and EL esterification at a reference temperature.

Tref Units Estimated 95%
(°C) value marginal
HPD
intervals
ML 442 (kY (T,.p)) L.mol -3.57 0.03
L min?
EY - 24.78 1.72
R- Tref
(KY (Tref)) - 1.87 0.23
AHY - 27.14 12.11
R- Tref
EL 640  In(k¥ (Trep)) L.mol -2.46 0.08
Lmint
EY - 21.82 2.42
R-T,y
(KY (Tref)) - 1.14 0.18
AHY - 18.18 5.80
R- Tref

Table 6. Estimated parameters for ML and EL saponification at a reference temperature.

Tref Units Estimated 95%
(°C) value marginal
HPD
intervals
ML 420 in(k¥ (Tye)) Lmoltmint 4.30 0.07
EV - 13.76 1.28
R'Tref
EL 417  In(kY (T,.r)) Lmoltmin? 3.03 0.07
EV - 14.24 0.74

R- Tref




Once the kinetic and thermodynamic constants have been evaluated, the Taft substituent parameters
have been recalculated in a temperature range of [20-50] °C, by following eqns 2 and 3. The evolution
of the steric and polar effects was displayed by Figs 8 and 9. The value of Es and ¢o* is zero for
methyl group because it is the reference one. The circles (Figs 8 and 9) were calculated using the
estimated kinetics constants values in Tables 5 and 6, and one can observe that the temperature effect
is relatively low on both parameters.

For the ethyl group, both substituent Taft parameters vary linearly with the temperature but with an
antagonist effect.

In Fig. 8, the dependence of Es towards temperature is more significant than for o* (coefficient of
determination of -0.0022 °C! compared to 0.0011). The temperature increase leads to a decrease of
Es from -0.056 at 20°C to -0.126 at 50°C, meaning that the steric hindrance increases within this
temperature range. This increase in steric hindrance from the ethyl group can be linked to the increase
of its mobility with temperature. As the temperature increases, the free energies of the transition
states associated with the different possible conformations tends to favour a higher Boltzmann
population of the sterically more hindered isomers, where states with lower energy always have a
higher probability of being occupied than the ones with higher energy. On the contrary, the value of
o*increases from -0.203 at 20°C to -0.167 at 50°C (Fig. 9), meaning that the substituent polar effect
decreases with temperature. One should keep in mind that ¢* describes the field and inductive effect
of the substituent. The tabulation of data points from Figs 8 and 9 can be found in Table S6.

Fig. 8 Taft steric substituent values for ethyl group with temperature.
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Fig. 9 Taft polar substituent values for MeOH and EtOH with temperature.



The Taft substituent parameters were determined initially at 25°C,?2 and the value of Es was re-
estimated at 40°C.%® Table 7 compares the values obtained in this study with the ones found in the
literature. At 25°C, the Es value obtained by Taft and our study is very similar, but for o* the value
obtained by Taft is two times lower than ours. At 40 °C, the values obtained by MacPhee et al.?® and
ours are similar. The differences can be due to the fact that we separated the contribution of the
hydroxonium concentration and considered the reversibility on the rate of esterification (eqn (4)).

Table 7. Polar and steric effects at 25°C and 40°C.

T(°C) Es, calc Es, lit o*, calc g*, lit
Ethyl 25 -0.065 -0.07018 -0.199 -0.1018
Ethyl 40 -0.099 -0.0836 -0.180 Not

found




Conclusions

In this article, we evaluated the impact of temperature on the Taft substituent parameters for
the polar (o*) and the steric (Es) contribution of the methyl group. Kinetic models were
developed for the esterification of levulinic acid by methanol and ethanol catalyzed by sulfuric
acid, and the saponification of methyl levulinate and ethyl levulinate by sodium hydroxide.
Experiments were carried out in isothermal conditions. The developed models fit well the
experimental concentration, the estimated parameters were well-identified and low-
correlated.

From these estimated kinetic constants, it was found that polar and steric Taft parameters of
the ethyl group vary linearly within the temperature range 20 to 50 °C. The value of o* varies
from -0.205 at 20 °C to -0.169 at 50°C; and the value of Es varies from -0.052 at 20°C to -0.122
at 50°C. The sensitivity towards temperature was higher for Es than for o*. In this temperature
range, the increase of temperature increases the steric effect and lowers the polar effect.

An effort was done to include the uncertainty, characterized by the 95% credible intervals of
the estimated kinetic constants, on the polar and steric Taft parameters. Using our kinetic
models, the uncertainty decreases when temperature increases, within the temperature range
20-50°C.

This work uses robust kinetic models to show the importance of reaction temperature on c*
and Es values of the ethyl groups. A deeper investigation could be carried out with quantum
mechanics to better understand the temperature effect of Taft substituent parameters.
Another continuation of this work is the effect of this variation on the Taft reaction parameters,
i.e., p* and 6.
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