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Ionic liquids have thermophysical and chemical properties that may be suitable for phase change mate-
rials (PCMs). Melting points, heats of fusion and heat capacities for a series of imidazolium-based ionic
liquids or ethnolamine tetrafluoroborates have been measured by differential scanning calorimeter. The
experimental results indicate that long-chain alkylimidazolium bromides are suited for use as PCMs. A
quantitative structure–property relationship (QSPR) model for heat of fusion was constructed using six
descriptors based on PM3 semi-empirical method. The calculated results gave reasonable correlation and

4 kind
prediction accuracy for 4

. Introduction

With the exacerbation of energy shortage all over the world,
nergy-saving technologies are becoming more and more impor-
ant for sustainable development. Among them phase change

aterials (PCMs) can be used to store thermal energy temporar-
ly, and release it when the energy is needed, which offers a useful

ethod for appropriate utilization of energy. PCMs, mainly indicat-
ng solid–liquid PCMs, include inorganic PCMs and organic PCMs.
norganic PCMs possess high fusion heat, high thermal conductivity
nd small volume change. While they are prone to get supercooling
nd phase separation, which can decrease severely their thermal
torage capacity. At the same time inorganic PCMs are usually
orrosive. The common organic PCMs include long chain paraf-
ns, polyatomic alcohols, amides, and so on. Organic PCMs have
ot the disadvantage of phase separation and are stable. While
rganic PCMs are highly volatile and flammable, this represents
considerable safety concern for many applications. Also their

hermal conductivities are generally low. Therefore new PCMs over-
oming the defects of inorganic and organic PCMs are urgently
eeded.

Ionic liquids are salts that have organic cations and inorganic
nions. Most of them are liquid at room temperature. As novel mate-

ials with many interesting properties, ionic liquids have attracted
reat attention as catalysts or extraction solvents for the last years
1–4]. Ionic liquids have advantages of high density, wide liquid
emperature range, high chemical stability, non-volatility, non-
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flammability, high heat capacity, and high storage density. Thus
ionic liquids could be potential liquid thermal storage media and
heat transfer fluids. Especially, the physical and chemical proper-
ties of ionic liquids are easy to be tailored using different ions and
thus task-specific ionic liquids may be designed and synthesized
to meet different requirements. The nature of the cation or anion
is considered to be primarily responsible for the properties of ionic
liquids. Changes in the cation and anion combinations or the nature
of the moieties attached to each ion allow the physical properties
of ionic liquids to be tailored.

Wu et al. [5] found that ionic liquids could be excellent liquid
thermal storage media and heat transfer fluids in solar thermal
power plant. Valkenburg et al. [6] compared the thermal prop-
erties of three ionic liquids with those of a present commercial
heat-transfer fluid Therminol® VP-1. The results indicate that ionic
liquids are suited for use as heat-transfer fluids and in many ways
they are superior to present commercial heat-transfer fluids. There
are hardly any investigations of novel PCMs based on ionic liquids.
IoLiTec develop new PCMs using ionic liquids butyltrimethy-
lammonium bis(trifluoromethylsulfonyl)imide (N1114NTf2) and
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
(BMPy NTf2) [7,8]. While heats of fusion for the two ionic liquids
are 16.15 and 27.70 J g−1, respectively, they are far lower than heats
of fusion for paraffins (above 170 J g−1). For the most important
property of PCMs, heat of fusion, the experimental data are also in
short supply. To better understand the nature of ionic liquids used
as PCMs, the quantitative structure property relationship (QSPR)
model is helpful and required. Very few works have studied the

quantitative relationships between the structures of ionic liquids
and their fundamental properties, such as melting point, viscosity,
density and surface tension [9–12]. Quantitative structure prop-
erty relationship (QSPR) models describing heat of fusion for ionic
liquids have not been found in literature up to now.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zhujq@mail.buct.edu.cn
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6MIM]Br and [C16MMIM]Br.
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Table 1
Melting points and heats of fusion for ionic liquids.

Ionic liquids Melting points Tm (K) Heats of fusion �Hm (J/g)

[C10MIM]Br 347.58 66.789
[C16MIM]Br 337.06 152.563
[C4MIM]Cl 326.57 59.004
[C4MMIM]Cl 365.89 76.384
[C4MMIM]Br 349.66 66.977
[C10MMIM]Br 341.35 75.395
[C16MMIM]Br 371.7 126.616
Fig. 1. DSC scan for [C1

In this work, we report the results of measurements of
elting points, heats of fusion for 10 ionic liquids with dif-

erent structures, such as 1-akyl-3-methylimidazolium bromide
[CnMIM]Br, n = 10, 16), 1-akyl-2,3-dimethylimidazolium bro-

ide ([CnMMIM]Br, n = 4, 10,16), 1-butyl-3methylimidazolium
hloride ([C4MIM]Cl), 1-butyl-2,3-dimethylimidazolium chloride
[C4MMIM]Cl) and ethnolamine tetrafluoroborates. Heat capacities
f [C16MIM]Br and [C16MMIM]Br have also been obtained at atmo-
pheric pressure in steps of 1 K. These properties will allow us to
valuate the feasibility of ionic liquids to be used as PCMs. Accord-
ng to the gainable literature results and our experimental data, a
SPR correlation for heat of fusion was constructed. The calculated

esults gave reasonable correlation and prediction accuracy for 44
inds of ionic liquids.

. Experimental

1-Methylimidazole was purchased from Linhai Kaile chemi-
al factory, with purities ≥99 mass%. 1,2-Dimethylimidazole was
urchased from Changzhou Zhongkai Chemical Co. Ltd., with
urities ≥98 mass%. 1-Bromohexadecane was purchased from
inopharm Chemical Reagent Co. Ltd., with purities ≥98 mass%.
hlorobutane, bromobutane, toluene, acetone and ethanol amines
ere purchased from Beijing Chemical Plant, with purities
99 mass%.

[CnMIM]Br (n = 10, 16), [C4MMIM]Cl and [CnMMIM]Br (n = 4,

0, 16) were synthesized and purified according to pro-
edues found elsewhere. Monoethnolamine tetrafluoroborate
[MEA][BF4]), diethnolamine tetrafluoroborate ([DEA][BF4]) and
riethnolamine tetrafluoroborate ([TEA][BF4]) ionic liquids were
indly provided by Prof. Li ChunXi from our school.

Fig. 2. Experimental heat capacities fo
[MEA][BF4] 306.76 57.867
[DEA][BF4] 303.84 37.625
[TEA][BF4] 345.26 65.186

Because ionic liquids tend to pick up moisture from the environ-
ment and the water contents of ionic liquids have crucial influence
on their properties, care should be taken during the preservation
and measurements. As mentioned above, the ionic liquids were put
into ground glass stoppered flasks, respectively. The ionic liquids
were purified by vacuum evaporation for 24 h at 373 K before use.
During the procedure, taking the ionic liquids must be as quick as
possible to reduce the exposure time. The contact time of ionic
liquids with air was so short that the small quantity of absorbed
moisture does not affect their properties markedly. The water con-
tents in the ionic liquids were determined by Karl Fischer method.
The water contents in all the samples were less than 500 ppm.

Measurements of melting temperatures, heats of fusion and heat

capacities were done with a Pyris I differential scanning calorime-
ter, provided by PerkinElmer. The samples inside the differential
scanning calorimeter furnace were exposed to a flowing N2 atmo-
sphere. Considering that the melting points of ionic liquids studied
in this paper were in the range of 313–373 K, measurements for

r [C16MIM]Br and [C16MMIM]Br.



60 J. Zhu et al. / Chemical Engineering

Table 2
Heat capacities of [C16MIM]Br and [C16MMIM]Br.

T (K) [C16MIM]Br (J/(g K)) T (K) [C16MMIM]Br (J/(g K))

Crystal
299.15 1.253 299.15 1.267
303.15 1.550 303.15 1.514
308.15 1.609 308.15 1.617
313.15 1.640 313.15 1.735
318.15 1.700 318.15 1.920
323.15 1.788 323.15 2.315

328.15 2.456
333.15 2.751
338.15 2.625
343.15 2.764
348.15 3.085

Liquid
343.15 2.327
348.15 2.323
353.15 2.329
358.19 2.326
363.15 2.326
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able 3
eats of fusion and QSPR descriptors for ionic liquids.

onic liquids �Hm � (D) ELUMO (eV)

(J/g) (kJ/mol)

C2MIM][BF4] 48.19 9.54 15.35 −0.972
C2MIM][PF6] 70.24 17.99 15.63 −1.33
C4MIM][PF6] 68.97 19.60 16.03 −1.3830
C4MIM][NO3] 89.50 17.99 14.65 −1.1206
C4MIM][(CF3COO)] 76.87 19.14 14.83 −1.0690
C2MIM] tosylate 69.50 21.57 11.71 −0.7623
C4MIM] octylsulfate 36.44 12.70 14.06 −0.9203
C1MIM] [NTf2] 64.94 24.50 15.59 −1.4574
C2MIM][NTf2] 55.20 21.60 15.36 −1.4070
C4MIM][NTf2] 53.49 22.43 15.12 −1.4060
C6MIM][NTf2] 63.20 28.28 15.72 −1.4150
C8MIM][NTf2] 52.96 25.18 15 −1.4080
(C4H9OCH2)2IM][BF4] 26.02 8.54 10.98 −0.9342
(C8H17OCH2)2IM][NTf2] 54.03 34.20 12.05 −1.3724
(C10H21OCH2)2IM][NTf2] 115.18 79.36 11.68 −1.3353
C3MMIM][NTf2] 46.95 19.69 14.48 −1.5300
C2MIM]Br 82.17 15.70 11.33 −0.5196
C3MIM]Br 69.72 14.30 11.01 −0.5100
C4MIM]Br 74.39 16.30 10.91 −0.5093
C10MIM]Br 66.79 20.26 11.09 −0.5324
C16MIM]Br 152.56 59.11 10.83 −0.5174
C2MIM]I 69.31 16.50 13.06 −0.8685
C3MIM]Cl 62.99 10.12 9.1 −0.1545
C4MIM]Cl 59.00 10.31 9.02 −0.1541
C10MIM]Cl 119.38 30.90 8.98 −0.1605
C12MIM]Cl 93.41 26.80 8.97 −0.1610
C4MMIM]Cl 76.38 14.41 11.88 −0.8596
C4MMIM]Br 66.98 15.62 10.57 −0.6851
C10MMIM]Br 95.40 30.27 12.58 −1.0190
C16MMIM]Br 126.62 50.83 9.48 −0.8045
C1MIM] [CH3SO4] 79.62 16.58 13.19 −0.9330
C2MIM] p-toluenesulfonate 98.56 27.83 11.19 −0.7600
Pyr][BF4] 134.81 51.26 14.11 −2.3356
C1Py][NTf2] 42.60 16.20 17.59 −0.8419
C2Py][NTf2] 19.85 9.10 20.34 −1.1046
C3Py][NTf2] 30.12 12.30 17.9 −0.8906
C4Py][NTf2] 27.70 11.70 17.87 −0.8036
C5Py][NTf2] 51.55 22.50 15.33 −0.9399
N1114][NTf2] 16.15 6.40 16.58 −1.0480
N1123][NTf2] 54.50 21.60 18.32 −1.1450
N1134][NTf2] 36.52 15.50 17.38 −1.0100
MEA][BF4] 57.87 8.50 10.82 −0.1428
DEA][BF4] 37.63 7.26 11.54 −0.2383
TEA][BF4] 65.00 15.41 11.58 −0.4495
Journal 147 (2009) 58–62

melting temperatures were determined by heating from 298 to
423 K, both at a rate of 10 K/min. Specific heat capacities of the ionic
liquids were measured with the same Pyris I scanning calorimeter
from 298.15 to 371.15 K at 1 K/min. The samples of ionic liquids were
weighed with an accuracy of 10−5 g using an electronic balance. The
heat capacities were determined relative to a sapphire sample.

3. Results and discussion

The melting points and heats of fusion for mentioned ionic liq-
uids are shown in Table 1.

[C16MIM]Br and [C16MMIM]Br have high heat of fusion and
moderate melting temperatures. Fig. 1 gives the DSC measurements
of two ionic liquids, showing distinct melting points upon heating.
The single-peaked shape of the curve of two samples excludes the
possibility of a solid–solid transition near melting. They have dis-
tinct melting point on heating. Although subcooling of ionic liquids
is common, [C16MIM]Br and [C16MMIM]Br readily crystallize and

do not form glasses, which indicates they are favorable candidates
for PCMs.

Heat capacity must be known in order to calculate the sensible
heat storage density of the ionic liquids. To further investigate the
feasibility of [C16MIM]Br and [C16MMIM]Br as energy storage media

S (10−20 m2) V (10−30 m3) LH (Å) Ei (kJ/mol) References

367.93 558.97 1.836 −342.8 [16]
402.7 619.16 1.652 −342.8 [16]
457.73 724.84 1.645 −330.2 [16]
416.89 652.05 1.672 −366.8 [16]
460.17 735.80 1.689 −347.8 [16]
592.08 994.95 1.635 −397.1 [16]
608.36 1067.70 1.691 −376.2 [16]
468.39 783.01 1.727 −309.3 [16]
490.90 830.11 1.723 −305.1 [16]
534.12 926.56 1.723 −309.3 [16]
586.58 1023.78 1.729 −309.3 [16]
657.26 1140.79 1.723 −305.1 [16]
567.14 975.98 2.425 −357.4 [15]
933.00 1661.79 2.125 −314.3 [15]

1058.18 1869.70 1.735 −314.8 [15]
495.81 882.97 1.798 −292.6 [16]
354.85 515.04 1.676 −425.1 [16]
375.06 574.14 1.684 −424.7 [14]
398.79 614.82 1.684 −427.2 [16]
593.94 978.08 1.682 −423.9 This work
764.23 1258.40 1.685 −426.4 This work
352.71 543.51 1.877 −338.6 [14]
368.62 563.73 1.473 −475.3 [14]
394.73 615.68 1.473 −477.8 This work
578.28 930.74 1.473 −474.8 [16]
640.20 1037.58 1.473 −475.4 [16]
415.91 645.97 1.712 −418.0 This work
406.32 649.34 1.870 −362.0 This work
596.03 979.03 1.826 −369.5 This work
765.63 1273.76 1.894 −381.6 This work
409.23 619.27 1.645 −390.4 [13]
526.83 853.40 1.690 −380.4 [13]
688.54 1132.65 1.947 −311.8 [15]
488.14 815.26 1.777 −301.4 [16]
545.43 935.70 1.789 −283.4 [16]
548.62 921.41 1.771 −297.6 [16]
564.29 960.39 1.771 −300.5 [16]
589.42 1002.25 1.781 −303.5 [16]
519.52 892.48 2.074 −292.6 [16]
519.29 863.03 1.774 −278.4 [16]
545.91 940.48 1.813 −286.3 [16]
286.25 391.96 1.921 −386.6 This work
328.29 503.06 1.735 −374.1 This work
365.71 593.37 2.031 −264.2 This work
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ig. 3. Linear relationship between experimental and calculated heats of fusion.

nd heat transfer fluids, their heat capacities have been determined
nd the results are presented in Fig. 2 and Table 2.

According to the DSC figure, [C16MIM]Br remains stable to 370 K.
here is no phase transition in the solid-phase zone and no asso-
iation or decomposition in the researched liquid-phase zone. The
nly endothermic peak in the range of (329–339) K corresponds
o fusion of the sample. The peak temperature is 335.15 K, close
o above mentioned melting point 337.06 K. [C16MMIM]Br is in
he condensed state until 350K. The peak temperature is 368.15 K,
greeing with the measured result 371.7 K. In general, heat capaci-
ies of [C16MIM]Br and [C16MMIM]Br are a little greater than those
or molecular liquids because of ion–ion interactions.

Heats of fusion for ionic liquids, used here as the basis for the
onstruction of the QSPR model, were taken from previous stud-
es concerning the thermodynamical properties of ionic liquids
13–15] and the International Union of Pure and Applied Chemistry
IUPAC) database [16]. Heats of fusion for all ionic liquids collected
n this study are summarized in Table 3. The quantum chem-
stry computation was carried out using Gaussian03 software. PM3
emi-empirical method with unrestricted spin in ground state was
dopted. The geometrical structure of ionic liquids was optimized
o a minimum energy. After optimizing calculation, the stabilized
eometrical structures and corresponding structure parameters of
onic liquids were obtained. The calculated results of the molecu-

ar orbital (i.e., dipole moment � and lowest unoccupied molecular
rbital (LUMO) level ELUMO), the geometric parameters (i.e., sur-
ace area S, volume V and the shortest hydrogen bond distance
H) and the cation-anion interaction energy Ei were applied as the

Fig. 4. Correlation and prediction for heats of fusion.
Journal 147 (2009) 58–62 61

descriptors of ionic liquids for the determination of the correlat-
ing equation. The cation–anion interaction energy of ionic liquids
is defined as the difference between the energy of the ion pair and
the sum of the energies of the purely cationic and anionic species,
which directly indicates the strength of cation–anion interaction.
The descriptors of ionic liquids for QSPR model were also listed in
Table 3.

The measured heats of fusion data were regressed with six
descriptors and the multiple regression results for 44 ionic liquids
are as follows:

�Hm(kJ/mol) = 112.82 − 3.1925 × � − 7.3247 × ELUMO

+ 0.49747 × S − 0.23304 × V − 28.552 × LH

+ 0.17797 × Ei (1)

The correlation R2 = 0.9047, F = 58.54, standard deviation
(S.D.) = 4.797. The most important descriptor used is the
cation–anion interaction energy of ionic liquids Ei. The com-
parison of the calculated heats of fusion with experimental data is
shown in Fig. 3.

As seen in Fig. 3, a good agreement between experimental and
calculated values is obtained. Then 10 different kinds of ionic liquids
were randomly selected as the prediction sets, and the rest of the
experimental data were regressed as training sets in regressing the
QSPR models. Then the model was checked against the prediction
sets. The comparisons of the correlated and predicted values with
the experimental results are shown in Fig. 4.

It can be seen from Fig. 4 that the experimental data are in
consistent with the correlated and predicted results using this six-
descriptor QSPR model.

4. Conclusions

Melting points, heats of fusion and heat capacities for a series
of imidazolium-based ionic liquids or ethnolamine tetrafluorob-
orates have been measured by differential scanning calorimeter.
The experimental results indicate that long-chain alkylimidazolium
bromides [C16MIM]Br and [C16MMIM]Br are suited for use as PCMs.
A six-descriptor QSPR model for heat of fusion was developed and
the calculated results show that it can give reasonable correlation
and prediction accuracy for 44 ionic liquids with different kinds of
cations and anions.
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