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Abstract  
 

In this study, long chain diesters of fatty alcohols were synthesized for use in thermal energy 

storage applications. Long-chain diesters of adipic acid were proposed for the first time in this 

study to be used as phase change material (PCM). For this purpose, ditetradecyl adipate (DTA) 

and dioctadecyl adipate (DOA) were synthesized as novel solid-liquid PCMs by means of the 

direct esterification reaction of adipic acid with 1-tetradecanol and 1-octadecanol. The reaction 

was yielded at around 90% as an average at the end of 6 hours. The DTA and DOA were 

characterized chemically using FT-IR and 1HNMR techniques as the energy storage 

properties, total enthalpy, and specific heat (Cp) capacity values were determined by DSC 

analysis. Melting temperatures and enthalpies of DTA and DOA were measured as 44 and 60 

C respectively; and 142.4 and 186.2 Jg-1 respectively. Total enthalpy calculation showed 

the latent heat storage capacity along with sensible heat capacity of fatty alcohols and long-

chain diesters between 0 and 80 C. Cp values of fatty alcohols and long-chain diesters also 

calculated for solid and liquid phase separately. TGA analysis was performed to determine 

thermal stability of the esters. DTA and DOA compounds were found stable up to 248.3 and 

342.5 C respectively. Thermal cycling test was applied to the materials and it was found that 

DTA and DOA are both found stable after 1000 times accelerated thermal cyclings. According 

to the results obtained, DTA and DOA with high energy storage capacity are promising to be 

used as new solid-liquid PCMs in thermal energy storage applications for medium temperature 

applications. 
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1. Introduction  

 

With the rapid increase in industry, economy and 

population, the risk of extinction of fossil fuels, 

increased carbon emissions and rapid growth of global 

warming based on fossil energy sources, most 

importantly the inevitable gap between energy 

resources and energy needs are directed researchers to 

find a renewable, clean energy, and efficient use of 

energy sources [1–4]. The way of reduce energy 

consumption and environmental pollution from 

consumptions to use energy more effectively. 

Although thermal energy storage (TES) cannot be 

considered as a one of the main sources of energy in 

the industry, it has been rapidly developing in recent 

years due to the assessment of waste heat in the 

industry, the ability to regulate when other sources are 

interrupted and offer an alternative to fossil resources 

etc. [5]. Also TES is not only eliminates the problem 

of variable and intermittent character of renewable 

energy sources, but also reduce internal temperature 

fluctuations and increases comfort [6].  

 

Thermal energy can be stored in different forms such 

as sensible, latent, chemical reaction or combination of 

them [7,8]. TES materials using phase change 

materials (PCMs) are the most efficient and useful 

ways to storage energy compared to other alternatives 

[9,10]. PCMs, so called latent heat storage materials 

can store or release high amount of energy with no or 

very small volume change during phase transition in 

small temperature ranges [11,12].  

 

PCMs have very large energy densities compared to 

sensible heat storage as they had about 5 times lower 

energy density than chemical reaction energy. 

However, efficient cost and lower complexity make 

PCMs more practical than chemical reaction energy 

[13–15]. PCMs can be classified to two main groups: 

inorganic and organic. Despite the superior properties 

of inorganic PCMs, salt hydrates, such as high melting 

enthalpy, high thermal conductivity and low price, the 

handicaps like non-reversible phase transformation, 
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high supercooling behavior, corrosion and phase 

separation severely restrict their availability in TES 

systems [16,17]. Therefore, organic PCMs with better 

chemical and thermal resistance are more preferred in 

TES systems. Lots of organic PCMs have been studied 

as PCMs as Table 1 shows the properties of some 

organic PCMs in the literature. In addition to phase 

change enthalpy and temperature of PCMs, it is 

necessary to determine some other characteristic like 

thermal conductivity, specific heat capacity, service 

life, corrosivity, and flammability prior to use in TES 

systems [8,18,19]. 

  

 

Table 1. Some organic compounds and their TES properties in the literature 

Compound Melting 

Temperatu

re (°C) 

Freezing 

Temperatu

re (°C) 

Latent heat 

capacity  

(heating and 

cooling 

respectively, Jg-

1) 

Paraffins n-heptadecane [20] 

n-octadecane [20] 

n-nonadecane [20] 

n-eicosane [21] 

n-tetracosane [20] 

21.4 

27.8 

31.5 

34.6 

50.1 

21.4 

24.6 

31.5 

33.4 

50.1 

216.4 and -214.0 

226.2 and -224.0 

230.8 and -223.8 

242.8 and -244.5 

275.0 and -243.5 

Fatty acids stearic acid [22] 

palmitic acid [22] 

myristic acid [22] 

lauric acid [22] 

60.9 

60.5 

52.4 

42.1 

66.4 

59.9 

52.5 

42.2 

242.2 and -246.7 

221.4 and -226.6 

210.7 and -212.7 

190.1 and -194.2 

Fatty 

alcohols 

dodecanol [23] 

tetradecanol [24] 

hexadecanol [25] 

octadecanol [26] 

22.8 

35.9 

48.4 

59.1 

 

32.3 

47.2 

55.6 

207.3 and -206.2 

236.1 and -234.5 

248.1 and -232.1 

246.0 

Eutectic 

mixtures 

stearic acid-benzamide [27] 

Na2SO4.10H2O-KCl [28] 

n-tetracosane-n-octadecane 

[29] 

palmitic-capric acid [30] 

67.9 

33.1 

25.9 

24.7 

 

16.3 

25.9 

27.1 

200.3 

249.4 

242.6 and -238.5 

163.5 and -158.9 

Esters  pentyl valerate [31] 

myristyl myristate [31] 

lauryl behenate [31] 

14.1 

44.5 

54.5 

 

 

 

173.4 

193.8 

185.2  

Polymers  Poly(ethylene glycol) 

(PEG) 1000 [32] 

PEG 3400 [32] 

PEG 10000 [32] 

PEG 20000 [32] 

44.2 

 

63.0 

66.0 

68.5 

 163.3 

 

191.7 

188.7 

177.4 

Paraffin waxes and fatty acids which are most 

commonly used TES materials for their relatively high 

enthalpy, low supercooling, and corrosivity, although 

that the melting point is in limited range, they are 

flammable and they are costly [31]. It is expected that 

the carboxylic acid esters have similar thermal 

properties with the paraffins due to their structural 

similarity. However, there are not enough studies on 

the evaluation of esters as PCM. 

 

Carboxylic esters are polarized structures that are 

formulated as R-COOR' with C-O double bonds in 

their structures. The degree of polarization is high due 

to the electro negativity difference between oxygen 

and carbon atoms. The polarization degree and chain 

length of the esters change the reactivity of the 

material. That is, as the chain length increase, the 

reactivity of the materials decreases. They are 

generally synthesized from alcohols and carboxylic 

acids by simple experimental procedures, strong acid 

catalytic reaction named Fisher esterification or 

alcoholysis. However, the reaction yield is low if the 

water generated during the reaction must is not 

removed from the medium. In this study, the esters 

were produced under vacuum, solvent free and without 

catalyst in high yield by using the method of synthesis 
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of Baykut et al. [33]. The previously produced esters 

have high latent heat capacity, low overcooling degree 

and great thermal reliability after accelerated thermal 

cycles [33]. 

 

There is limited information of esters for their thermal 

properties to be validated as PCMs. The studies in the 

literature are about the characterization of existing 

organic esters as phase change labeling and increasing 

their thermal performance or synthesizing new esters 

from fatty acids and fatty alcohols as PCMs. 

Parameshwaran et al. were investigated thermal 

properties of silver nano-based organic ester. They 

declared that ethyl cinnamate embedded with silver 

nano particles produced melting enthalpy ranging from 

93.32-86.69 Jg-1 and reduced degree of supercooling 

degree by 11.7-6.8% [34]. Wi et al. examined the 

thermal properties of organic fatty acid esters with 

exfoliated graphite nanoplatelets particles. The thermal 

conductivity of the shape-stabilized PCMs was 

increased by 414% and 437% by the nanometal 

particles bound to palm oil and coconut oil using the 

vacuum impregnation method [35]. Aydın presented 

commercial products, which are widely used in 

personal care and cosmetics industry, with phase 

change enthalpies and temperatures, specific heat 

capacity values, and thermal reliability after 1000 

accelerated thermal cycling [36]. Feldman et al. 

produced 20-21% butyl stearate added gypsum 

wallboard which can store energy thermally. The 

produced panel had 10 fold of the energy store capacity 

of the panel without PCM. Also, they had a very good 

mechanical strength [37]. Stamatio et al. identified 

thermophysical properties of commercial unbrached 

and saturarated carboxylic esters both by experimental 

measurement as well as literature research [31]. In the 

literature, esters synthesized for the first time to store 

thermal energy have a very high energy storage 

capacity. Feldman et al. synthesized 12 low chain 

esters by esterification of methyl, butyl, and propyl 

alcohols with palmitic and stearic acids. They 

characterized a range of PCMs with a melting 

temperature in the range of 17-34 °C and a storage 

capacity of 140-190  Jg-1 [38]. Sarı et al. have 

synthesized many different fatty acid esters [39,40]. 

The synthesized esters are structurally and thermally 

characterized. In a study, myristic, palmitic and stearic 

acid with glycerol were converted to fatty acid esters 

by Fisher esterification. They produced 3 new esters 

with melting temperatures ranging from 31.96-63.45 

°C and melting enthalpy of 149.4-185.9 Jg-1. The 

thermal conductivity of the produced solid-liquid 

PCMs was increased by 12-42% with the addition of 

5wt% expanded graphite [39]. In another study, Sarı et 

al. produced a series of stearic acid esters by reacting 

stearic acid with n-butyl alcohol, isopropyl alcohol, 

and glycerol and characterized by using FT-IR and 
1HNMR analysis. Thermal properties of PCMs were 

determined by DSC measurement before and after 

1000 thermal cycles [40]. Sarı et al. also produced 

ester-based composites from synthesized esters with 

diatomite, vermiculite and expanded perlite [41,42]. 

Kahraman Döğüşcü also has synthesized long chain 

diesters using different diacids. Dicarboxylic acid 

esters have produced direct esterification reaction of 

oxalic acid [43] or succinic acid [44] with 1-

tetradecanol and 1-octadecanol. Another study, Aydın 

ve Okutan prepared 3 different polyurethane-PCM 

composite by polymerizing the polyol, silicon, catalyst 

and different amounts of PCM mixture with polymeric 

methylene diisocyanate. While the heat capacity of 

polyurethane was determined to be improved by 34% 

by DSC analysis, the particle size distribution of the 

PCM in the foam was determined by an optical 

microscope and a scanning electron microscope [45]. 

Studies on microencapsulation of fatty acid esters are 

also available in the literature. Aydın 

microencapsulated commercial ester product of BASF, 

Cetiol MM, in poly (urethane-urea) shell material by 

using amino alcohol [46]. 

 

Although fatty alcohols have high heat storage 

capacity, they do not have much application area due 

to their low stability. For this reason, fatty alcohols can 

usually be functionalized and used in TES systems. 

Esters are very suitable for TES applications due to 

their chemical and thermal stability. However, there 

are not many studies on esters in the literature. 

Therefore, in this study, fatty acid diesters of adipic 

acid were synthesized for the first time in the literature 

for TES systems due to the advantages of esters for 

chemical and thermal energy storage. All reactions 

cared out solvent free condition and under vacuum. In 

comparison to traditional Fisher esterification, used 

synthetic method overcome water removal problem 

which occur as a byproduct at the end of the reaction. 

The used method also eliminates the problem of 

removing water, which significantly reduces reaction 

efficiency in the fisher esterification method. 

 

2. Materials and Methods 

2.1. Materials 

Dicarboxylic acid esters were synthesized using adipic 

acid (Sigma, 99%), 1-tetradecanol (Aldrich, 97%) and 

1-octadecanol (Aldrich, +99%) as received without 

further purification. Ethanol (Merck, +99.5%) and 

acetone (Merck, +99.8%) were used for the 

purification of the final product. 
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2.2. Synthesis 

Synthesis of long-chain diesters in question were 

performed by esterification reaction of adipic acid 

together with 1-tetradecanol and 1-octadecanol under 

2-3 mmHg vacuum without using acid catalyst and any 

solvent in place of acid-catalyzed Fischer esterification 

method [33]. 1-tetradecanol or 1-octadecanol was used 

excessive to adipic acid in two-necked conical flask. 

After the reagents reached the melting temperatures, 

flask was connected to a vacuum motor and the 

reaction was started. Then rxn was conducted at 130-

140 °C by mixing with a magnetic stirrer for 6 hours. 

At the end of the reaction, a white solid material was 

purified with ethanol and acetone to remove fatty 

alcohol and diacids residuals. A schematic 

representation of the reaction with efficiency over 90% 

was shown in Figure 1. 

 

 
Figure 1. The synthetic scheme of the long-chain diesters 
 

2.3. Characterization 

2.3.1. Chemical characterizations 

The chemical characterization of long-chain diesters 

were performed by Fourier transform infrared (FT-IR) 

spectroscopy and nuclear magnetic resonance 

(1HNMR) spectroscopic techniques. For the FT-IR 

analyses, Jasco FT-IR-4700 with ATR accessory 

spectrophotometer was used between 4000 and 400 

cm-1. The resolution of the spectra and number of scan 

were adjusted as 4 cm-1 and 16, respectively. 

AVANCE III 400 MHz, Bruker model NMR was 

employed as another structural characterization 

method. The 1HNMR analyses were realized using 

CDCl3 solvent and tetramethylsilane as an internal 

reference standard. 

 

2.3.2. Thermal characterizations 

Thermal properties such as phase change enthalpy, 

melting and solidification temperature, total enthalpy, 

and specific heat capacity (Cp) of long chain diesters 

were analyzed with Netzsch DSC214 Polyma model 

differential scanning calorimetry (DSC) instrument. 

The instrument was calibrated with bismuth, indium, 

and zinc, tin, and cesium chloride internal standards for 

the measurements as with sapphire internal standard 

for Cp measurements. The DSC measurements were 

performed at a heating-cooling rate of 1°C min-1 in 

temperature range of 0 °C to 80 °C under inert N2 

atmosphere at a flow rate of 60 mL/min. Cp values of 

fatty alcohols, DTA and DOA were determined 

between -10 °C and 100 °C and 5 °C min-1 heating-

cooling rate was applied. Thermal stability, weight loss 

temperatures and decomposition behavior of the novel 

PCMs were detected with Seteram TG-DTA/DSC 

model TGA instrument. The measurements were 

performed at a scanning rate of 10 °C/min in a static 

air atmosphere and instrument was calibrated using 

calcium oxalate standard from 35 to 500 °C. 

 

2.3.3. Morphology analyses 

Fatty alcohols and long-chain diesters were monitored 

for crystalline morphology investigation with Leica 

DM EP model (Germany, 2010) polarize optical 

microscope (POM). 

 

2.3.4. Thermal cycling and durability investigation 

For determination of thermal reliability of long-chain 

diesters, thermal cycling test was carried out 1000 

times using a BIOER TC-25/H model thermal cycler. 

After accelerated thermal cycling, FT-IR and DSC 

measurement of PCMs were repeated. 

 

3. Results and Discussion 

3.1. The chemical characterization of the long-chain 

diesters 

 

FT-IR and 1HNMR spectroscopy methods were used 

to verify to chemical structures of synthesized long-

chain diesters. FT-IR spectra of 1-tetradecanol, 1-

octadecanol, adipic acid, DTA and DOA are exhibited 

in Figure 2, as Table 2 specifies wavenumber and 

characteristic band of precursors and long-chain 

diesters. According to Figure 2, the O-H out-plane 

bending peak of 1-tetradecanol, 1-octadecanol and 

adipic acid were seen at 1057, 1061 and 921 cm-1, 

respectively as O-H vibration bands of precursors at 

2978-3480 cm-1 were also cleared away in diesters. The 

C-O-C peak which is not seen in the precursor 

materials were recorded at 1159 and 1162 cm-1 in the 

synthesized DTA and DOA, respectively. The 

disappearance of hydroxyl peaks and formation of 

ether peak showed that hydroxyl groups of fatty 

alcohols and adipic acid converted to ester bond. 
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Besides C=O stretching peak of adipic acid at 1680 cm-

1 were observed at 1728 cm-1 after synthesis of long-

chain diesters. 

 

 
Figure 2. FT-IR spectra of fatty alcohols, adipic acid and 

long-chain diesters 

 
Table 2. FT-IR data of fatty alcohols, adipic acid and long-

chain diesters 
Materials Wavenumber 

[cm-1] 

Characteristic band 

1-tetradecanol 1057 

1455 

2845 and 2912 

3100-3480 

O-H out-plane bending 

peak 

C-O in-plane bending 

peak 

C-H vibration and 

bending peaks  

O-H vibration bands 

1-octadecanol 1061 

1459 

2845 and 2912 

3100-3480 

O-H out-plane bending 

peak 

C-O in-plane bending 

peak 

C-H vibration and 

bending peaks  

O-H vibration bands 

adipic acid 921 

1271 

1404 and 1425 

1680 

2876 and 2957 

2978-3284 

O-H out-plane bending 

peak 

C-O stretching peak 

C-O in-plane bending 

peaks 

C=O stretching peak 

C-H vibration and 

bending peaks  

O-H vibration bands 

DTA 1159 

1258 

1452 and 1472 

1728 

2845 and 2913  

C-O-C bending peak 

C-O stretching peak 

C-O in-plane bending 

peaks 

C=O stretching peak 

C-H vibration and 

bending peaks  

DOA 1162 

1258 

1459 and 1469 

1728 

2844 and 2914 

C-O-C bending peak 

C-O stretching peak 

C-O in-plane bending 

peaks 

C=O stretching peak 

C-H vibration and 

bending peaks 

 

The 1HNMR spectra of DTA and DOA were shown in 

Figure 3. The introduced peaks were appointed to the 

protons of CDCl3 (=7.28 ppm) labeled with a (-CH3) 

at about =0.9 (t, J=6.8 Hz, 6H), labeled with b (-

(CH2)11- and -(CH2)15) at about =0.98-1.38 (m, 44H 

or 60H), labeled with c at about =2.37 (ddd, J=11.0, 

7.0, 2.2 Hz, 4H), labeled with d at about =4.07 (t, 

J=6.8 Hz, 4H) and labeled with e and f (-

COO(CH2)4COO-) at about =1.75-1.48 (m, 8H) for 

dicarboxylic acid esters. The chemical shifts and 

number of protons of DTA and DOO proved at 

successful synthesis. 

 

 
Figure 3. 1H NMR spectra of DTA and DOA 
 

3.2. Thermal characterization of the long-chain 

diesters 

 

It is necessary to determine TES properties like phase 

change enthalpy, melting-solidification temperatures, 

and overcooling for identification of PCMs. DSC is the 

most preferred method for thermal characterization. 

DSC curves of fatty alcohols and synthesized long-

chain diesters were presented in Figure 4 and in Table 

3 as DSC data. Solid-solid and melting phase 

transformation were overlapped in 1-tetradecanol and 

1-octadecanol DSC curves and melting and 

solidification temperatures were found as 36 and 35 °C 

respectively for 1-tetradecanol, as melting and 

solidification temperatures were found 50 and 56 °C 

respectively for 1-octadecanol. Melting and 

solidification enthalpies of 1-tetradecanol were 236.2 

and -234.0 Jg-1 respectively, as melting and 

solidification enthalpies of 1-octadecanol were 

measured as 252.3 and -254.6 Jg-1 respectively. The 

synthesized long-chain diesters had solid-solid and 
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melting phase change behavior at different 

temperatures unlike fatty alcohols. Solid-solid phase 

change temperatures of DTA were found as 28 and 33 

°C and solid-solid phase change enthalpies were found 

as 19.8 and -19.7 Jg-1 for heating and cooling periods. 

For DOA, solid-solid transitions occur with a very low 

enthalpy for heating and cooling periods. The melting 

and solidification temperatures of long-chain diesters 

were 44 and 43 °C respectively for DTA and 60 and 60 

°C for DOA. At 1 °C min-1 heating and cooling rates, 

DOA has never showed supercooling behavior, while 

DTA has only 1 °C supercooling. Phase change 

enthalpy values of the diesters were found as 142.4 and 

-147.8 Jg-1 for DTA and 186.2 and -175.5 Jg-1 for 

DOA. The phase change temperatures of DTS and 

DOS were slightly higher than those of precursor fatty 

alcohols unlike phase change enthalpies which were 

lower than fatty alcohols. Because the middle segment 

of the diester molecules distorts crystallinity more than 

hydrogen bonding segments of the alcohols. In spite of 

long-chain diesters have lower enthalpy than fatty 

alcohols; DTA and DOA have enough enthalpy to be 

used in solar energy storage systems.  

 

Figure 4. DSC curves of fatty alcohols and long-chain 

diesters 
 

 

Table 3. TES properties of fatty alcohols and long-chain diesters 
Materials Melting 

temperature (°C) 

Melting  

enthalpy (Jg-1) 

Solidification 

temperature (°C) 

Solidification enthalpy 

(Jg-1) 

1-tetradecanol 36 236.2 35 -234.0 

1-octadecanol 50 252.3 56 -254.6 

DTA 44 142.4 43 -147.8 

DOA 60 186.2 60 -175.5 

 

The total enthalpy is an important parameter to 

determine the total thermal energy stored by the PCM 

in the operating temperature range. It also provides 

information on the over cooling behavior of PCM 

[47,48]. Total thermal energy values of the novel 

PCMs have been determined by the method of Mehling 

et al. [49]. Total enthalpy calculation showed latent 

heat storage capacity along with sensible heat capacity 

of fatty alcohols and long-chain diesters between 0 and 

80 °C in Figure 5. According to calculation, 1-

tetradecanol and 1-octadecanol were stored thermal 

energy up to 394.6 and 431.2 Jg-1 respectively, as new 

novel PCMs were stored thermal energy up to 350.4 Jg-

1 for DTA, up to 357.5 Jg-1 for DOA. 

 

 
Figure 5. Total enthalpy values of fatty alcohols and long-

chain diesters 

 

In many studies performed to store thermal energy, 

only phase change temperature and energy storage 

density of PCMs were investigated whereas the Cp 

value is directly related to the ability of PCM to store 

sensible energy. Therefore, Cp values of synthesized 

long-chain diesters and fatty alcohols were calculated 

using DSC instrument calibrated with sapphire internal 

standard. Figure 6 demonstrated Cp curves of fatty 

alcohols, DTA and DOA as the data were given in 

Table 4 for -10-100 °C. 
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Figure 6. Cp versus temperature curves of fatty alcohols and long-chain diesters 

 
Table 4. Cp values of fatty alcohols and long-chain diesters 

C
p
 (

J
/(

g
*

K
))

 

Temperature (°C) 1-tetradecanol 1-octadecanol DTA DOA 

-10 C 1.5 1.5 1.7 1.5 

0 C 1.6 1.6 2.0 1.5 

20 C 1.8 1.7 2.4 1.7 

before solid-solid phase change   3.8 

(28 C) 

2.8  

(40 C) 

before solid-liquid phase change 6.5  

(36 C) 

2.5  

(50 C) 

13.8  

(44 C) 

10.9  

(60 C) 

80 C 2.3 2.4 2.3 1.9 

100 C 2.3 2.3 2.2 1.9 

 

Thermal durability is very important parameter of 

PCMs because TGA measurements show working 

temperature range. The starting temperature of 

decomposition is especially important since it shows 

the maximum temperature at which the PCMs can be 

used. The decomposition temperature graphs of 

dicarboxylic acid esters were given in Figure 7 as TGA 

data were tabulated in Table 5. Single-step degradation 

behavior was observed in both DTA and DOO. The 

onset starting and ending temperatures of DTA were 

decomposition temperature range of DTA was 

monitored between 248.3 and 425.4 °C respectively 

with 88.5% mass loss as onset temperatures of DOA 

was monitored as 343.5 and 434.8 °C respectively with 

90.3% mass loss. As clearly seen from thermal 

analyses, as the number of carbon atoms increase in the 

chain, the thermal resistance of diesters increases. 

 

 
Figure 7. TGA curves of long-chain diesters 

 
Table 5. Thermal durability limits of long-chain diesters 

Materials Decomposition 

onset 

temperatures 

(°C) 

Weight 

loss [%] 

 

DTGmax 

temperature 

(°C) 

DTA 248.3-425.4 88.5 388.7 

DOA 343.5-434.8 90.3 407.6 
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3.3. Morphological investigation of the long-chain 

diesters 

 

Polarized optical microscope images of fatty alcohols 

and long-chain diesters' polarized optical microscope 

images were given in Figure 8 below phase change 

temperatures. It can be watched that synthesized PCM 

and precursor fatty alcohols had slightly different 

phase views. 

 

 
Figure 8. POM images of 1-tetradecanol (A), DTA (B), 1-

octadecanol (C), and DOA (D). 

 

3.4. Thermal reliability of the long-chain diesters 

 

Materials to be used as PCMs should be thermally and 

chemically stable at the end of a large number of 

heating-cooling cycles, therefore lifetime of PCMs 

should be determined. In this study, thermal reliability 

and chemical stability of long-chain diesters was 

determined using DNA thermal cycler after 1000 times 

melting and freezing cycles. Thermal stability such as 

phase change enthalpies and temperatures of DTA and 

DOA were redetermined with DSC measurements as 

DSC curves of long-chain diestres were given in Figure 

9 and obtained all data were given in Table 6. 

 

Figure 9. DSC thermograms of DTA and DOA before and 

after 1000 accelerated thermal cycling. 
 

DSC results showed that DTA and DOA had solid-

solid phase change behavior. Solid-solid phase 

transitions in DOA still had very low enthalpy for 

heating and cooling periods. For DTA, solid-solid 

phase change temperatures were found as 30 and 32 °C 

as solid-solid phase change enthalpies were found as 

slightly decreased after thermal cycling. The soli-solid 

phase transition enthalpies were found as 16.4 and -

18.6 Jg-1 for heating and cooling periods after 

accelerated thermal cycling respectively. Only 

freezing temperature of DTA changed 1 °C after 

thermal cycling. For DOA, both melting and 

solidifications temperature increased 1 °C after 

thermal cycling. No super cooling behavior was 

observed in both diesters after accelerated thermal 

cyclings. In addition to that, phase change enthalpies 

of the new PCMs increased slightly as compared to 

non-thermal conversions.  

 

 

Table 6. Thermal reliability characteristics of DTA and DOA before and after thermal cyclings 

Materials  Melting 

temperature (°C) 

Melting enthalpy 

(Jg-1) 

Solidification 

temperature (°C) 

Solidification 

enthalpy (Jg-1) 

DTA 44 142.4 43 -147.8 

DTA ATC 44 145.5 44 -144.4 

DOA 60 186.2 60 -175.5 

DOA ATC 61 217.1 61 -209.9 

 

Besides, chemical stability was investigated using FT-

IR analysis. Figure 10 showed FT-IR spectra of long-

chain diesters comparatively before and after thermal 

cycling. Peak shape and positions of PCMs persisted 

after 1000 accelerated thermal cyclings. DSC and FT-

IR results proved that there was no any degradation, 

decomposition, and sublimation in synthesized PCMs 

after 1000 thermal cycling and PCMs are very stable at 

possible ambient temperatures. 

 



 

277 

Kahraman Döğüşcü / Cumhuriyet Sci. J., 41(1) (2020) 269-280 
 

 
Figure 10. FTIR spectra of long-chain diesters before and 

after 1000 accelerated thermal cycling 

 

4. Conclusions 

In this work, long-chain diesters starting from adipic 

acid and two different fatty alcohols were synthesized 

with high purity as efficient as novel PCMs and 

characterized structurally by using FTIR and 1HNMR 

spectroscopy techniques. 

 

DSC and TG analyses indicated that synthesized DTA 

and DOA have high enthalpy, suitable phase change 

temperatures and they are stable up to high temperature 

for thermal energy storage applications. Phase change 

enthalpies of long-chain diesters were slightly lower 

than fatty alcohols because of diadipate groups in the 

chain which disrupted the crystallinity of side groups. 

Latent heat capacity of DTA and DOA were measured 

as 142.4 and 186.2 for heating periods, respectively. 

Besides, melting enthalpy of DTA and DOA changed 

2.18% and 16.60% respectively after 1000 times 

thermal cyclings which was attributed to thermal effect 

on phase separation of crystallizable groups. In 

addition, total enthalpy and Cp values were associated 

with thermal storage capacity and they were calculated 

for applicable temperature range. 

 

In literature, lots of organic PCMs have been studied 

as TES material (Table 1). Among the PCM, paraffins, 

fatty alcohols and fatty acids are have high enthalpy for 

TES, however they are not stable. For this reason, 

many studies have been working on better stabilized 

functional materials. In this case, functionalization 

may result to drop in enthalpy. Esters are very much 

interested due to their stability among the synthetic 

PCMs. In the literature, there are limited studies on the 

use of esters as PCM. Table 7 showed that some ester 

compounds and their TES properties in the literature. 

 

 

Table 7. Some ester compounds and their TES properties in the literature 

Compound Melting 

Temperature 

(°C) 

Freezing 

Temperature 

(°C) 

Melting 

Enthalpy 

(Jg-1) 

Freezing 

Enthalpy  

(Jg-1) 

Esters  butyl stearate [40] 

isopropyl stearate [40] 

glycerol tristearate [40] 

ditetradecyl oxalate [43] 

dioctadecyl oxalate [43] 

ditetradecyl succinate [44] 

dioctadecyl succinate [44] 

methyl stearate [50] 

methyl palmitate [50] 

tetradecyl dodecanoate [51] 

tetradecyl tetradecanoate [51] 

tetradecyl hexadecanoate [51] 

tetradecyl octadecanoate [51] 

tetradecyl eicosonoate [51] 

23.7 

22.1 

63.5 

47 

65 

47 

64 

37.8 

29.0 

38.1 

41.6 

48.0 

49.6 

52.8 

24.5 

22.0 

64.6 

44 

63 

46 

63 

37.6 

28.7 

36.2 

40.0 

47.5 

48.3 

51.8 

121.0 

113.1 

149.4 

210.6 

244.9 

202.4 

194.9 

240 

215 

207.9 

210.4 

213.9 

221.8 

201.3 

-128.4 

-111.3 

-151.7 

-208.3 

-241.7 

-197.5 

-191.7  

-237 

-214 

-207.8 

-211.0 

-214.1 

-222.1 

200.3 

Within this framework, long-chain diesters easily were 

synthesized without any catalyst. All reactions cared 

out solvent free condition and under vacuum. In 

comparison to traditional Fisher esterification, used 

synthetic method overcome water removal problem 

which occur as a byproduct at the end of the reaction.  

Our results show that new PCMs were not corrosive, 

malodorous and stable compared with fatty alcohol and 

fatty acids. Thermal cycling tests results suggested that 

the new PCM show better thermal stability in 

comparison to fatty acid and fatty alcohols. Thanks to 

superiority of synthesized long-chain diesters can be 

used as new alternatives for energy storage 

applications at large scale such as solar energy storage, 

building heating or cooling and indoor temperature 

controlling. 
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