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Abstract: A series of various readily water soluble esters were synthesized by a very efficient
procedure. These compounds can be useful as thermosensitive tracers for studying the cooling
progress in a low enthalpy georeservoir exploitable by double flash geothermal power plant
systems. The kinetics of their hydrolysis was investigated. Acylation of primary alcohols
or phenols was carried out by a method based on a single-phase solvent system consisting
of ethyl acetate acting as an organic solvent and triethylamine acting as a catalyst. Products
were characterized by '"H-NMR, and '*C-NMR.

Keywords: sulfonic acid esters; primary alcohols; phenols; acylation; reaction kinetics

1. Introduction

Compounds susceptible to undergoing hydrolysis have raised interest as thermosensitive tracers in
geothermal applications [1,2]. By knowing their kinetic hydrolysis parameters it becomes possible to
track thermal fronts in geothermal reservoirs and thus, predict the thermal drawdown of the
georeservoir over time. Recently, the underlying theory of their applicability in georeservoirs has been
verified [3]. The biggest advantages of these new tracers are their high water solubility due to free
sulfonic groups, an absence of geogenic background concentrations, and no fluorescence emission
from esters, while at least one of the hydrolysis reaction products shows fluorescence. The latter
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allows performing online measurements under in sifu conditions further reducing operational costs.
While amides [4] allow the study of high enthalpy systems and have long residence times, esters [5]
are especially useful to study low enthalpy systems or to conduct short term experiments such as
push-pull experiments.

Compounds with sulfonic groups also play an important role in electrochemistry. Among others,
Zengbin [6] showed that sulfonated aromatic molecules exhibited strong adhesion and chemical stability,
and lithiated fluorinated sulfonic side chains help to enhance the ionic conductivity and Li+ ion diffusion
due to the charge delocalization over the sulfonic chain. Aliphatic esters containing sulfonic groups are
further commonly used as plasticizers for PVC plastisols [7].

Eba et al. developed a method for the solid-phase detection of phospholipase A2 (PLA2) based on
I-octanoyloxynaphthalene-3-sulfonic acid, which was found to be a good substrate of PLA2. The
substrate is hydrolyzed by PLA2 into 1-naphthol-3-sulfonic acid, which is spontaneously coupled with
a coexisting diazonium salt and forms a red-purple azo dye [8].

Acylation provides an inexpensive and efficient way for obtaining esters in a synthetic process [9].
A number of reagents can be used for carrying out this reaction, such as benzoyl chloride, primary
alcohols, phenols, and carboxylic acids.

There are plenty of methods for obtaining esters, for example a Fischer esterification, which involves
treating a carboxylic acid with an alcohol in the presence of polymeric sulfonic acids as a catalyst and
a dehydrating agent sequestering water. Water can also be removed by distillation as a low-boiling
azeotrope by means of toluene in conjunction with a Dean-Stark apparatus. The Steglich esterification
is a method of forming esters under mild conditions. This method is popular in peptide synthesis,
where substrates are sensitive to harsh conditions such as high temperatures. Dicyclohexylcarbodiimide
is used to activate the carboxylic acid for further reaction and 4-dimethylaminopyridine is used as
an acyl-transfer catalyst [10].

A further method to obtain esters is the reaction of alcohols or phenols with acyl chlorides.
The analogous acylations of amines result in the formation of amides. Esters can also be obtained by
transesterification, carbonylation, and alkylation of carboxylate salts [11]. Very useful methods to
obtain esters are the Favorskii rearrangement of a-haloketones in the presence of a base [12], the
Baeyer-Villiger oxidation of ketones with peroxides [13,14], and the Pinner reaction of nitriles with
an alcohol [15].

2. Results and Discussion

The main problem we encountered in our study was a poor to very poor solubility of the starting
materials in typical organic solvents, especially those with sulfonic groups. For example, during the
Fischer esterification conducted with toluene in conjunction with a Dean-Stark apparatus a suspension
was formed, which prevented a good water separation. This well-known method described above has
proved to be useless for the preparation of esters having a sulfonic group. Consequently, we had to find an
alternative method for obtaining water soluble esters containing sulfonic groups. In acetonitrile all
reagents were completely soluble and it was used in the reaction as a substitute for toluene.
Triethylamine was used as a base. Unfortunately, we did not observe any product formation.
Acetonitrile was replaced by ethyl acetate with good results. We noticed that long reaction times and an
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insufficient amount of triethylamine could lead to product hydrolysis, in particular in the acidic

environment as a result of an acid chloride hydrolysis. The highest yields were obtained after reaction

times of 12 h with excess of triethylamine. By applying this method it is possible to obtain products in
a fast way and in very good yield. The products are crystallized from methanol-water solution or purified

by column chromatography (Scheme 1). The results are summarized in Table 1.

Scheme 1. Synthesis of esters containing sulfonic acid groups.
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The aim of the study was to conduct a physicochemical characterization of the synthesized compounds
with focus on their suitability as thermosensitive tracers (TSTs) in geothermal reservoirs. We examined
the esterss and their hydrolysis products for their fluorescence spectrum and fluorescence intensities,
water solubility, detection limit by fluorescence spectroscopy depending on the temperature, sorption
behavior, pH and temperature dependence of their hydrolysis kinetics, and their chemical reactivity.
Compound 7 was the most promising candidate in terms of its good fluorescent properties. It is
important that the tracer and its hydrolysis reaction products have distinguishable excitation and
emission wavelengths while maintaining their high water solubility. Based on the scan of compound 7
carried out at the fluorescence spectrophotometer (Cary Eclipse, Varian GmbH, Darmstadt, Germany)
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we observed fluorescence of only one product (sulfanilic acid, Excitation 248 nm/Emission 344 nm)
and as desired no fluorescent of compound 7 itself. Similar behavior exhibited phenol acetate, which
was studied previously. Fluorescence intensities are affected by temperature. This will have an impact
on observed tracer recovery in the experiments leading to an underestimation of the cooling state of the
georeservoir. Therefore, this temperature fluorescence relationship needs to be known and considered
during the experiments (Figure 1).

Figure 1. Temperature dependency of the reaction product of compound 7 (Sulfanilic acid).
For comparison already tested tracers are shown. Uranine and 2-OH-3,6-NDS are conservative
tracers as experimental reference while phenol and sulfanilic acid ae respective hydrolysis
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Furthermore, tracer concentrations need to be adjusted to fall into a reliable and linear working
range in the experiments. From a series of experiments with increasing sulfanilic acid concentrations it
was obtained that above 1.2 mg/L the linear relationship breaks down (Figure 2).

The comparison of phenol acetate with compound 7 revealed a higher stability under comparable
pH and temperature conditions (pH ~ 6.5 and fluid temperature of 60 °C). This agrees with earlier made
suggestions on target tracer design for geothermal applications based on esters. While a substantial
amount of phenol acetate was consumed within a residence time of 2 h (half-life of phenol acetate under
these conditions is ~23 h), virtually no consumption was observed for compound 7 during that time
interval. A further examination at higher temperatures allowed the estimation of the half-lives and hence
an examination of the reaction kinetics. Four experiments were performed in parallel with different
dilution (i*c0, with 1= 1, 2, 3, 4; Figure 3).
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Figure 2. Linear range of fluorescence signal up to 1.2 mg/L.
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Figure 3. Results from a multi batch experiments with different starting concentrations of
compound 7 for pH 6 and fluid temperature of 90 °C.
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The lowest dilution is co. Initially, from the obtained concentrations the 1st order reaction was
determined (Figure 4). To improve data quality of kinetic investigations, Guggenheim’s method [16]

1 c,—c¢
k =—In| 2—
At [03—02] (D

where k is the reaction rate, cx is the concentration at 3 output times and Az is a fixed time interval

was applied in the analysis following:

between the measurements (Figure 3). For ambient conditions with pH = 6 and a temperature of 90 °C
a decay rate of 0.012 = 0.001 1/h was obtained. This corresponds to an half live of 56 = 7 h for the
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given pH and temperature. This already makes it a practical tracer for push pull experiments on the
injection well of a doublet geothermal plant.

Figure 4. Reaction order for the different starting concentrations. The concentration changes
for co is used as reference. For the analysis of the delay rate Equation (1) the values at
t=0, 108 and 227 h are used. The data for 3*co is excluded due to the high fluctuations.
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3. Experimental
3.1. General Information

All chemicals, reagents, and solvents were used as received from commercial sources without further
purification. '"H-NMR and '*C-NMR spectra were recorded in CDCI3 on a 300 MHz liquid state
Bruker spectrometer. The splitting patterns are annotated as follows: s (singlet), d (doublet), t (triplet),
q (quadruplet), quint. (quintuplet), sext. (sextuplet), and m (multiplet). The products were also
confirmed by ESI-MS (instrumentation is described in Ndodler et al. [17]). Column chromatography
was carried out on glass columns of different sizes packed with silica gel: Merck 60 (0.035-0.070 mm).

3.2. Synthesis: General Procedure of Preparing Esters Containing Sulfonic Groups 1-18

The primary alcoholic or phenolic sulfonic acid (2.0 mmol) is suspended in ethyl acetate (50 mL)
and then an excess (2.28-2.4 mmol) of acid chloride is added. After the reaction suspension had been
stirred intensively for 10 min at room temperature triethylamine (4 mmol) is added. The mixture was
stirred overnight and then the solvent is removed under reduced pressure. The crude product was
washed several times with ethyl acetate and subsequently purified by column chromatography
(hexane/ethyl acetate, 1:5 and then methanol) or crystallized from methanol.

3-(2,2-Dimethylpropanoyloxy)propane-1-sulfonic acid (1). Yield: 0.38 g (85%). Yellow oil. '"H-NMR
(300 MHz, CDCl3): 8, ppm, 4.14 (t, J = 6.4 Hz, 2H), 2.91-2.85 (m, 2H), 2.18-2.07 (m, 2H), 1.14
(s, 9H); BC-NMR (300 MHz, CDCl3) §, ppm, 178.44, 63.21, 48.26, 38.69, 27.13, 24.72. ESI-MS:
m/z =223 [M—H]".
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3-(2-Ethylbutanoyloxy)propane-1-sulfonic acid (2). Yield: 0.38 g (80%). Orange oil. 'H-NMR (300 MHz,
CDCl3): 9, ppm, 4.17 (t, J = 6.4 Hz, 2H), 2.95-2.90 (m, 2H), 2.44-2.34 (m, 1H), 2.24-2.09 (m, 2H),
1.69—1.42 (m, 4H), 0.84 (t, J = 7.2 Hz, 6H); *C-NMR (300 MHz, CDCI3) §, ppm, 175.69, 62.83, 48.91,
48.32, 40.65, 24.97, 12.07. ESI-MS: m/z =237 [M—H]".

4-(2,2-Dimethylpropanoyloxy)benzenesulfonic acid (3). Yield: 0.51 g (99%). Yellow oil. 'H-NMR
(300 MHz, CDCl3): §, ppm, 7.86 (d, J = 8.7 Hz, 2H), 7.02 (d, J = 8.7 Hz, 2H), 1.31 (s, 9H); *C-NMR
(300 MHz, CDCls) &, ppm, 176.80, 152.18, 142.56, 127.33, 121.22, 39.05, 27.03. ESI-MS:
m/z =257 [M—H] .

4-(2-Ethylbutanoyloxy)benzenesulfonic acid (4). Yield: 0.52 g (96%). Yellow oil."H-NMR (300 MHz,
CDCl): 3, ppm, 7.89 (d, J = 8.7 Hz, 2H), 7.05 (d, J = 8.7 Hz, 2H), 2.47-2.38 (m, 1H), 1.83—-1.54 (m,
4H), 0.99 (t, J = 7.5 Hz, 6H); *C-NMR (300 MHz, CDCl3) §, ppm, 174.27, 151.81, 142.57, 127.37,
121.29, 48.96, 25.11, 11.92. ESI-MS: m/z =271 [M—H] .

4-(Acetyloxy)benzenesulfonic acid (5). Yield: 0.40 g (92%). Brown oil. 'H-NMR (300 MHz, CDCl3):
8, ppm, 7.85 (d, J = 8.7 Hz, 2H), 7.05 (d, J = 8.7 Hz, 2H), 2.25 (s, 3H); *C-NMR (300 MHz, CDCl3)
o, ppm, 168.92, 151.58, 142.63, 127.29, 121.21, 21.14. ESI-MS: m/z = 215 [M—H]".

4-(Pentanoyloxy)benzenesulfonic acid (6). Yield: 0.44 g (86%). Yellow oil. 'H-NMR (300 MHz,
CDCD): o, ppm, 7.79 (d, J = 8.7 Hz, 2H), 7.00 (d, J = 8.7 Hz, 2H), 2.47 (t, J = 7.5 Hz, 2H), 1.64 (quint.,
J=17.5Hz, 2H), 1.35 (sext., J = 7.5 Hz, 2H), 0.99 (t, J = 7.4 Hz, 3H); *C-NMR (300 MHz, CDCl3) 8,
ppm, 171.71, 151.55, 142.62, 127.10, 121.13, 33.93, 26.79, 22.09, 13.62. ESI-MS: m/z =257 [M—H]".

4-(Benzoyloxy)benzenesulfonic acid (7). Yield: 0.54 g (98%). White powder. M.p. 120 °C. 'H-NMR
(300 MHz, CDCl3): 6, ppm, 8.15 (d, /= 7.2 Hz, 2H), 7.93 (d, J = 8.7 Hz, 2H), 7.61 (t, J = 7.5 Hz, 1H),
7.51-7.45 (m, 2H), 7.20 (d, J = 9.0 Hz, 2H); 3*C-NMR (300 MHz, CDCl3) §, ppm, 164.82, 151.95,
142.96, 133.68, 130.12, 129.24, 128.56, 127.47, 121.40. ESI-MS: m/z =277 [M—H] .

4-(4-Methylbenzoyloxy)benzenesulfonic acid (8). Yield: 0.56 g (96%). White powder. M.p. 88 °C.
"H-NMR (300 MHz, CDCls): 8, ppm, 7.98 (d, J = 8.4 Hz, 2H), 7.85 (d, J = 8.7 Hz, 2H), 7.22 (d,
J=8.1Hz, 2H), 7.13 (d, J = 8.7 Hz, 2H), 2.37 (s, 3H); *C-NMR (300 MHz, CDCI3) §, ppm, 164.63,
151.78, 144.39, 142.71, 130.32, 129.93, 129.09, 127.17, 121.26, 21.67. ESI-MS: m/z =291 [M—H] .

4-(2,2-Dimethylpropanoyloxy)naphthalene-1-sulfonic acid (9). Yield: 0.61 g (99%). Pink powder.
M.p. 133 °C. '"H-NMR (300 MHz, CDCl3): §, ppm, 8.85 (d, J = 8.7 Hz, 1H), 8.07 (d, J = 7.8 Hz, 1H),
7.74 (d, J= 8.1 Hz, 1H), 7.48 (td, J= 6.9, 1.8 Hz, 1H), 7.49 (td, /= 6.6, 1.2 Hz, 1H), 7.03 (d, J = 7.8 Hz,
1H), 1.37 (s, 9H); *C-NMR (300 MHz, CDCIl3) §, ppm, 176.45, 148.38, 138.90, 130.15, 127.22,
127.02, 126.91, 126.20, 125.07, 120.78, 116.5, 39.31, 27.16. ESI-MS: m/z =307 [M—H]".

4-(2-Ethylbutanoyloxy)naphthalene-1-sulfonic acid (10). Yield: 0.61 g (95%). Yellow powder. M.p.
118 °C. 'H-NMR (300 MHz, CDCI3): 3, ppm, 8.94 (d, J = 8.1 Hz, 1H), 8.16 (d, J = 7.8 Hz, 1H), 7.88
(d, /= 8.4 Hz, 1H), 7.58 (td, /= 6.9, 1.5 Hz, 1H), 7.49 (td, J = 6.9, 1.2 Hz, 1H), 7.15 (d, J = 7.8 Hz,
1H), 2.66-2.56 (m, 1H), 1.95-1.81 (m, 2H), 1.80-1.69 (m, 2H), 1.08 (t, J = 7.4 Hz, 6H); *C-NMR
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(300 MHz, CDCl3) &, ppm, 174.23, 148.33, 138.91, 130.40, 127.35, 127.16, 127.13, 126.29, 125.27,
121.03, 116.26, 49.19, 25.12, 12.05. ESI-MS: m/z = 321 [M—H]".

4-(Acetyloxy)naphthalene-1-sulfonic acid (11). Yield: 0.52 g (99%). Brown oil. 'TH-NMR (300 MHz,
CDCl): o, ppm, 8.91 (d, J = 8.4 Hz, 1H), 8.13 (d, /= 7.8 Hz, 1H), 7.83 (d, J = 8.4 Hz, 1H), 7.55 (td,
J=6.9, 1.2 Hz, 1H), 7.47 (td, J = 6.9, 1.2 Hz, 1H), 7.15 (d, J = 7.8 Hz, 1H), 2.40 (s, 3H); *C-NMR
(300 MHz, CDCI3) 8, ppm, 169.06, 148.22, 139.20, 130.36, 127.20, 127.19, 127.15, 126.42, 125.28,
121.10, 116.35, 20.93. ESI-MS: m/z = 265 [M—H]".

4-(Benzoyloxy)naphthalene- 1-sulfonic acid (12). Yield: 0.64 g (98%). Pink powder. M.p. 183 °C.
"H-NMR (300 MHz, CDCl:): 8, ppm, 8.90 (d, J = 8.4 Hz, 1H), 8.21 (d, J = 7.2 Hz, 2H), 8.14 (d,
J=17.8 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 7.64-7.58 (m, 1H), 7.54-7.38 (m, 4H), 7.23 (d, J = 7.5 Hz,
1H); *C-NMR (300 MHz, CDCls) §, ppm, 164.64, 148.30, 139.23, 133.73, 130.27, 130.00, 128.76,
128.55,127.22,127.10, 127.07, 126.34, 125.14, 121.07, 116.40. ESI-MS: m/z =327 [M—H]".

4-(4-Methylbenzoyloxy)naphthalene- 1-sulfonic acid (13). Yield: 0.65 g (96%). Pink powder. M.p. 204 °C.
"H-NMR (300 MHz, CDCls): §, ppm, 8.89 (d, J = 8.4 Hz, 1H), 8.14 (d, J = 8.1 Hz, 1H), 8.09 (d,
J=28.4Hz, 2H), 7.84 (d, /= 8.4 Hz, 1H), 7.51 (td, J= 6.9, 1.5 Hz, 1H), 7.41 (td, J= 6.9, 1.2 Hz, 1H),
7.27 (d, J = 7.8 Hz, 2H), 7.22 (d, J = 8.1 Hz, 1H), 2.39 (s, 3H); 3C-NMR (300 MHz, CDCI3) §, ppm,
164.70, 148.40, 144.66, 139.11, 130.25, 130.05, 129.26, 127.29, 127.07, 127.03, 126.29, 125.98,
125.16,121.13, 116.43, 21.70. ESI-MS: m/z = 341 [M—H]".

4-(3-Phenylpropanoyloxy)naphthalene- 1-sulfonic acid (14). Yield: 0.28 g (40%). Brown powder. M.p.
93 °C. 'H-NMR (300 MHz, CDCl:): §, ppm, 8.91 (d, J = 8.7 Hz, 1H), 8.14 (d, J = 7.8 Hz, 1H),
7.60-7.51 (m, 2H), 7.42 (d, J = 7.8 Hz, 1H), 7.38-7.25 (m, 5H), 7.09 (d, J = 7.8 Hz, 1H), 3.13 (t,
J = 6.6 Hz, 2H), 3.04 (t, J = 6.9 Hz, 2H); *C-NMR (300 MHz, CDCl3) &, ppm, 170.96, 148.18,
139.80, 138.99, 130.32, 128.56, 128.33, 127.18, 127.09, 127.04, 126.44, 126.34, 125.28, 121.08, 116.24,
35.95, 31.95. ESI-MS: m/z =355 [M—H]".

4-(2,2-Dimethylpropanoyloxy)-7-(phenylamino)naphthalene-2-sulfonic acid (15). Yield: 0.64 g (80%).
Gray powder. M.p. 112 °C. 'H-NMR (300 MHz, CDCI3): §, ppm, 7.93 (s, 1H), 7.54 (d, J= 9.0 Hz, 1H),
7.43 (d, J=2.1 Hz, 1H), 7.34-7.29 (m, 2H), 7.22-7.12 (m, 4H), 6.86 (t, /= 6.8 Hz, 1H), 1.34 (s, 9H);
BC-NMR (300 MHz, CDCl3) 8, ppm, 176.38, 146.80, 142.82, 142.36, 142.02, 134.96, 129.01, 122.13,
121.95,121.37, 121.19, 121.05, 118.45, 112.45, 110.55, 39.24, 27.10. ESI-MS: m/z =398 [M—H]".

4-(2-Ethylbutanoyloxy)-7-(phenylamino)naphthalene-2-sulfonic acid (16). Yield: 0.64 g (78%). Brown
powder. M.p. 97 °C. 'TH-NMR (300 MHz, CDCI3): 8, ppm, 7.96 (s, 1H), 7.60 (d, J = 9.0 Hz, 1H), 7.44
(d, J =24 Hz, 1H), 7.32 (td, J = 5.0, 2.0 Hz, 2H), 7.21-7.13 (m, 4H), 6.88 (t, J = 7.6 Hz, 1H),
2.54-2.45 (m, 1H), 1.81-1.67 (m, 2H), 1.66-1.54 (m, 2H), 0.98 (t, J = 7.5 Hz, 6H); *C-NMR (300 MHz,
CDCl3) o, ppm, 174.11, 146.62, 142.83, 142.41, 142.02, 135.02, 129.06, 122.11, 121.46, 121.37, 121.19,
121.03, 118.57, 112.61, 110.55, 49.02, 25.04, 11.96. ESI-MS: m/z =412 [M—H] .

4-(Benzoyloxy)-7-(phenylamino)naphthalene-2-sulfonic acid (17). Yield: 0.71 g (85%). Brown
powder. M.p. 94 °C. 'TH-NMR (300 MHz, CDCl3): &, ppm, 8.17 (dd, J = 8.6, 1.4 Hz, 2H), 8.02 (s, 1H),
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7.65 (d, J = 8.7 Hz, 1H), 7.59 (d, J = 7.5 Hz, 1H), 7.50-7.45 (m, 4H), 7.28 (dd, J = 9.0, 2.1 Hz, 1H),
7.23-7.12 (m, 4H), 6.88 (t, J = 7.0 Hz, 1H); 3C-NMR (300 MHz, CDCls) 8, ppm, 164.68, 146.75,
142.89, 142.50, 142.05, 135.12, 133.62, 129.96, 129.08, 128.54, 127.99, 122,26, 122.09, 121.65, 121.43,
121.11, 118.50, 112.75, 110.69. ESI-MS: m/z = 418 [M—H] .

4-(4-Methylbenzoyloxy)-7-(phenylamino)naphthalene-2-sulfonic acid (18). Yield: 0.71 g (82%). Gray
powder. M.p. 181 °C. 'H-NMR (300 MHz, CDCI3): &, ppm, 8.05 (d, J = 8.1 Hz, 2H), 8.01 (s, 1H),
7.65 (d,J=9.0 Hz, 1H), 7.48 (d, J= 1.5 Hz, 1H), 7.46 (d, J = 2.4 Hz, 1H), 7.30-7.25 (m, 3H), 7.19 (d,
J = 7.8 Hz, 2H), 7.17-7.13 (m, 2H), 6.88 (t, J = 6.9 Hz, 1H), 2.40 (s, 3H); '*C-NMR (300 MHz,
CDCl) 6, ppm, 164.73, 146.84, 144.50, 142.92, 142.42, 142.06, 135.09, 130.00, 129.25, 129.08, 126.18,
122.33, 122,20, 121.56, 121.44, 121.08, 118.48, 112.80, 110.75, 21.72. ESI-MS: m/z =432 [M—H]".

4. Conclusions

We have developed a very simple, inexpensive, nontoxic, and environmentally friendly method for
the acylation of primary alcohols and phenols. The presence of the SOsH group in all synthesized
esters ensures their good water solubility and thus their usefulness as tracers in georeservoirs. In
particular, there is little information related to the synthesis of readily water soluble esters based on
fluorescent molecules. We strongly feel that the study presented here will find numerous applications
even beyond tracers for geothermal applications. There are many methods of ester preparation, but
almost all of them do not work in case of reagents containing sulfonic groups. During our work we
investigated a series of esterification methods, but only one fulfills the desired requirements, hence the
efficient method we presented in this paper.

Acknowledgments

The presented study was funded by the German Ministry of Environment (BMU) (promotional
reference No. 0325417, Reaktherm). This support is gratefully acknowledged. We acknowledge support
by the German Research Foundation and the Open Access Publication Funds of the Gottingen University.

Author Contributions

KRI, TL and FM designed research; KRI, KN, FM and TL performed research and analyzed the
data; KRI, FM and TL wrote the paper. All authors read and approved the final manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Nottebohm, M.; Licha, T.; Sauter, M. Tracer design for tracking thermal fronts ingeothermal
reservoirs. Geothermics 2012, 43, 37-44.



Molecules 2014, 19 21033

10.

11.

12.

13.

14.

15.

16.

17.

Tester, J.W.; Robinson, B.A.; Ferguson, J.H. The theory and selection of chemically reactive tracers
for reservoir thermal capacity production. In Proceedings of the Twelfth Workshop on Geothermal
Reservoir Engineering, Stanford University, Stanford, CA, USA, 20-22 January 1987; SGP-TR-109.
Maier, F.; Schaffer, M.; Licha, T. Temperature Determination Using Thermo-Sensitive Tracers:
Experimental Validation in an Isothermal Column Heat Exchanger. Geothermics 2015, 53, 533-539.
Mabey, W.; Mill, T. Critical review of hydrolysis of organic compounds in water under
environmental conditions. J. Phys. Chem. Ref. Data 1978, 7, 383—415.

Nottebohm, M.; Licha, T.; Ghergut, I.; Nodler, K.; Sauter, M. Development of Thermosensitive
Tracers for Push-Pull Experiments in Geothermal Reservoir Characterization. In Proceedings of
the World Geothermal Congress, Bali, Indonesia, 25-29 April 2010.

Zengbin, W.; Lixin, X.; Feng, N.; Jianfang, S.; Qianru, S.; Xiulan, Z. Study of sulfonated
polyether ether ketone with pendant lithiated fluorinated sulfonic groups as ion conductive binder
in lithium-ion batteries. J. Power Sources 2014, 256, 28-31.

Grass, M.; Woldt, B.; Gevers, A.; Buchholz, S.; Meier, M.; Montero de Espinosa, L. Ester Having
a Sulphonic Group. W02014095103, 26 June 2014.

Eba, C.; Okano, A.; Nakano, H.; Iwasaki, Y. A chromogenic substrate for solid-phase detection of
phospholipase A2. Anal. Biochem. 2014, 447, 43—45.

Greene, T.W.; Wuts, P.G.M. Protective Groups in Organic Synthesis, 3rd ed.; John Wiley and
Sons Ltd.: New York, NY, USA, 1999.

Neises, B.; Steglich, W. Esterification of carboxylic acids with dicyclohexylcarbodiimide/4-
dimethylaminopyridine: Tert-butyl ethyl fumarate. Org. Synth. 1985, 63, 183.

Riemenschneider, W.; Bolt, H.B. “Esters, Organic” Ullmann’s Encyclopedia of Industrial Chemistry;,
Wiley-VCH: Weinheim, Germany, 2005; doi:10.1002/14356007.a09 565.pub2.

Favorskii, A.E. Isomeric transformations of halides of alcohols, and of sulfovinic acids leading to
the regrouping of carbon atoms. J. Russ. Phys. Chem. Soc. 1918, 50, 43—80.

Bayer, A.; Villiger, V. Berichte der deutschen chemischen gesellschaft. Eur. J. Inorg. Chem.
1900, 33, 858.

Crudden, C.M.; Chen, A.C.; Calhoun, L.A. A demonstration of the primary stereoelectronic effect
in the Baeyer-Villiger oxidation of alpha-fluorocyclohexanones. Angew. Chem. Int. Ed. 2000, 39,
2851-2855.

Roger, R.; Neilson, D.G. The Chemistry of Imidates. Chem. Rev. 1961, 61, 179-211.
Guggenheim, E.A. On the determination of the velocity constant of a unimolecular reaction.
Philosophical Magazine Series 7. Lond. Edinb. Dublin Philos. Mag. J. Sci. 1926, 2, 538-543.
Ndodler, K.; Licha, T.; Bester, K.; Sauter, M. Development of a multi-residue analytical method,
based on liquid chromatography-tandem mass spectrometry, for the simultaneous determination
of 46 micro-contaminants in aqueous samples. J. Chromatogr. A 2010, 1217, 6511-6521.

Sample Availability: Samples of the compounds are not available from the authors.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



